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INTRODUCTION 
According to Taylor (75)» "The structural strength of a 
soil has been referred to by such names as bond, congealing, 
the development of preferred orientations of molecules, and 
the squeezing of adsorbed water films from between fine ma­
terial particles". Research and field Investigations have 
established that clay, especially the colloidal size fraction, 
is largely responsible for the plasticity characteristics of 
soils under various moisture conditions. However, a true 
explanation of soil strength where clay is involved depends 
to a large degree on a basic understanding of the colloidal 
phenomena that govern soil particle interactions (73)« 
Montmorlllonlte is a characteristic clay mineral esûii-
bltlng large volume and physical property changes at varying 
moisture content. The phenomena of clay-water interaction 
are of great interest in such fields as the ceramic industry 
where montmorlllonlte is used in manufacture of ceramics and 
binding of core sands, and in the petroleum Industry where 
the important uses are as muds for drilling oil wells and as 
absorbents for purifying of petroleum products (21). In soil 
mechanics, clay-water suspensions have been extensively in­
vestigated in relation to strength, load bearing capacity, 
swelling and shrinkage, and consolidation. However, the di­
rect application of the colloidal principles of surface chemis­
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try has not progressed sufficiently to give the engineer much 
aid in his Interpretations of various curious behaviors ob­
served in clay materials. At the present time, engineers re­
ly to a great extent on purely empirical tests for the indi­
cation of the surface chemical characteristics. Hany problems 
of soil mechanics, such as secondaiy consolidation and cohe­
sion, can not be solved by the basic mechanical approach. As 
a result many construction failures occur and continue to oc­
cur because the strength and sensitivity of the soil materials 
could not be predicted adequately from the empirical labora­
tory testing data (73)* 
It has been generally accepted that clay strength re­
lates to the water films surrounding the Individual grains 
(69). The amount of water normally associated with cohesive 
soils is characterized by the associated cation, thé surface 
activity of the clay, and the type of clay mineral. Water 
can be held rigidly to the surface as surface film water, or 
in the case of expanding minerals, to internal surfaces as 
interim,mrninar water. When the associated surface films are 
so thick as to allow individual or groups of particles to 
slip past each other, the cohesive attraction is reduced. If, 
however, the water is removed as Iv evaporation, the surface 
tension forces at the air#-water Interface are increased and 
the water becomes more viscous until such a time as only solid 
or highly viscous water remains, effectively cementing parti-
des together (58, 67). An understanding of the relationship 
between clay'and water is essential for a proper appreciation 
of water retention and the basic mechanism of soil strength 
and soil structure. 
Since natural soil clays are predominantly calcium sat­
urated and because montmorillonites are perhaps the most a-
bundant as well as being the most troublesome in engineering, 
a montmorillonite saturated with calcium ions was selected 
for this investigation. The objectives were to obtain a com­
plete adsorption-desorption water vapor isotherm, and to ob­
tain analogous X-ray diffraction data during ^sorption and 
desorption of water on calcium montmorillonite; to determine 
the surface free energy changes during adsorption, expansion 
energies end swelling pressures, and by applying the BET 
theory-and other accepted adsorption models, if possible sug­
gest possible mechanisms of adsorption. 
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THEO BY AND REVIEW OP LITERATURE 
Clay mineralogy suddenly progressed from an art to a 
science with the adoption of X-ray camera and goniometric 
techniques. In 1930» Pauling (6?) proposed a crystal struc­
ture for the mineral pyrophyllite. Hofmann, Endel, and Wilm 
(42), using an X-ray camera, were the first to demonstrate 
that the clay mineral montmorillonite has a layer lattice 
similar to pyrophyllite in chemical composition and crystal 
structure, but different in that the inner layer distances 
are variable and depend upon the water content. It is now 
generally accepted that montmorillonite is composed of unit 
layers -- a central alumina octahedral sheet sandwiched be­
tween two silica tetrahedral sheets. All tetrahedra are ori­
ented pointing towards the center of the unit, and the tetra­
hedral and octahedral sheets are so combined that the tips 
of the tetrahedrons of each silica sheet and part of the hy-
droxyls of the octahedral sheet form a common layer, the 
atoms common to both the silica and alumina sheets being oxy­
gens (Figure 1). The layers are continuous in the a and b 
directions and stacked above one another in the c direction 
(36, 77), They are held together by van der Waals forces, 
which are weak compared to the primary valence and ionic 
forces which hold the atoms in the unit layer together. Con­
sequently, cleavage parallel to the unit layers is relative-
Figure 1, Atom arrangement in the unit cell of a three layer mineral (schematic) 
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ly easy. Figure 1 is a schematic atom arrangement of the 
montmorillonite structure (77)* 
Figure 2 is an electron micrograph of a typical calcium 
montmorillonite. As can be seen from electron diffraction 
pattern in the upper left-hand comer, and from a careful 
examination of the micrograph, the material is hexagonal or 
psuedohexagonal. The montmorillonite appears fluffy or 
cloudlike and shows only slight evidence of crystallinlty, 
in contrast to sharp crystal outlines of clay minerals such 
as kaollnlte or dicklte. The fluffy thin flakes with irreg­
ular outlines would appear to be entirely commensurate with 
high adsorptive properties (24), The dark thin lines may 
be curled-up edges of montmorillonite sheets, although pre­
sently there is no conclusive evidence of this.* 
(Die theoretical formula for zero lattice change mont­
morillonite is* 
[Âlg (0H)2 (SigO^)^ . nH 0 (interlayer) 
2 2 
Marshall ( $ 6 )  points out that the theoretical formula is al­
tered by substitutions of Al*^ for 81"^ in the tetrahedral 
coordination and/or Mg*^ or Fe*^ for Al*^ in the octahedral 
coordination within the lattice. This substitution, called 
Isomorphous substitution, tends to produce an electrically 
(Personal Communication Dr. E. A. Bosauer, Department 
of Ceramic Engineering, Iowa State University of Science and 
Technology, Ames, Iowa, 1966.) 
Figure 2. Electron micrograph of calcium montmorillonite. 
Inset in upper left comer is a diffraction 
pattern of the material ^ ^  
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negative charge on the clay. The excess of negative lattice 
charge is compensated by adsorption of cations on the inter-
layer surfaces. The size and charge of the exchangeable ca­
tion and the charge density of the clay surface both affect 
the collapsed lattice spacing of a montmorillonite, as well 
as its swelling properties. 
Montmorillonite is almost unique among the clay minerals 
in that it has an expanding c axis (64). Whereas in the min­
eral pyrophyllite the distance between related and identical 
planes of atoms is approximately 9.2 X,* in the case of mont­
morillonite this distance will vary due to the cation adsorbed 
between the platelets as well as associated water molecules 
retained as interlayer water. Hofmann, Endel and Wilm (42) 
first detei^ined that swelling of montmorillonite is a one-
dimensional phenomenon and that the lattice separation in the 
c direction is not constant but varies with water content. 
Maegdefrau and Hofmaim (55) used samples of Ca-mont-
morillonites from Unterrupsroth, Rhoen, and Montmorillon, 
France, and determined that swelling takes place in a contin­
uous manner and that the interlayer adsorption of water mole­
cules takes place in discrete jumps indicative of water lay­
ers. Nagelschmidt (62) sealed and equilibrated the above-re-
ferenced Unterrupsroth montmorillonite in glass capillaries 
*1 Angstrom = 10~® cm. 
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and determined that there was a gradual proportional change 
in basal spacing from 10.5 & to 15.^ & as the water increases 
to four water molecules per unit cell. Adsorption of the next 
six molecules of water per unit cell was accompanied by a 
slight change of 0.4 % in the basal spacing. On further in­
creasing water, up to 4o molecules per unit cell, the spac-
o 
ing went up to 18,4 A. Nagelschmidt concluded that the basal 
spacing at high water content depends upon the cation pre­
sent. However, Bradley, Grim, and Clark (12) reached a dif­
ferent conclusion: After equilibrating Wyoming hydrogen 
bentonite over salt solutions they concluded that there was 
no evidence of gradual swelling, but that the hydrates have 
2, 8, 14, 20, and 26 water molecules per unit cell correspond­
ing to 10.6 12.4 15.4 18.4 &, and 21.4 % respective­
ly. They further concluded that the first adsorbed water 
layer occupies 2.8 & vertically and that the unit cell heights 
in the c direction vary due to water molecules hexagonally 
close-packed around the adsorbed cation. Quirk and.Aylmore 
(68) point out that in calcium montmorillonite-water systems 
a basal spacing of I9 % is always found. Although authors 
disagree as to the manner in which water is adsorbed, it is 
now generally accepted that the observed changes in basal 
spacing (d^gj^ ) can be attributed to a discrete number of 
molecular water layers adsorbed on interlayer surfaces. 
Brunauer (16) states that "The term physical adsorption 
12 
may be defined as the disappearance of molecules from the gas 
phase and the remaining of these molecules attached to the 
surface of the solid and there held in place by a weak in­
teraction between the solid and the gas" (16). Physical 
adsorption takes placé spontaneously. The process is rever­
sible and the adsorbate may be removed by lowering the pres­
sure and is then recovered unchanged chemically (1). Other 
terms associated with physical adsorption are low temperature 
adsorption, secondary adsorption, and capillary condensation. 
Atoms or molecules constituting a solid are held to­
gether by different forces» van der Waals or ionic forces 
or chemical bonds are involved. Whatever the nature of these 
forces, an atom located within the body of the solid is sub­
jected to balanced forces in all directions or it would move 
out. An atom in the plane of a surface is subjected to un­
balanced forces, the Inward pull being greater than the out­
ward pull, creating a surface energy or surface tension. The 
unbalanced forces of a solid surface tend to be decreased by 
the adsorption of molecules of a gas, and therefore all ad­
sorption phenomena result in a decrease in the free energy 
of the system. 
In 1915, different theories were proposed by Polanyl, 
Zsigmandy, and Langmuir In order to satisfy theoretical 
treatments of surface adsorption of gases and vapors. 
Brunauer (16) has stated that "The Langmuir equation 
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is perhaps the most important single equation in the field 
of adsorption." Using the assumption that the molecules 
striking the bare surface condense on the solid and the other 
molecule-molecule actions result in an elastic reflection, 
and secondly, that there is no interaction between neighbor­
ing adsorbed molecules, Langmuir (4?) derived the following: 
P 1 , P 
q ab b 
where q is the volume of gas adsorbed at pressure p, a is 
the adsorption coefficient, and b is the volume of gas ad­
sorbed when the surface is covered by a complete condensed 
single layer of molecules. When p/q is plotted as a function 
of p, a straight line is obtained with a slope of l/b and 
having the intercept 1/ab on the vertical axis. These con­
stants are neither arbitrary nor empirical constants, but 
well defined physical quantities, as seen in the equation. 
The multimolecular adsorption (BET) theory was devel­
oped in 1938 by Brunauer, Emmett, and Teller (16, I9) is based 
on the following assumptions: 
a. The same forces that produce condensation are also 
chiefly responsible for the binding energy of multimolecular 
adsorption. 
b. The first adsorbed layer is attracted strongly by 
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the surface, the second layer essentially not by the surface 
but by the first adsorbed layer, and the adsorption thus pro­
posâtes from layer to layer. IHielr derivation is a generali­
zation of the Langmuir treatment of unimolecular adsorption 
and is based on a detailed balancing of forward and reverse 
rates of reaction (16). For adsorption on a free surface, 
they derived the equation* 
V = (2) 
(Po - P) p + (C - 1)p/Pq] 
which can be more easily handled Kith relative vapor pressure 
in the foimi 
P 
Po 1 C - 1 p (3) 
• 
T(1 - P/P„) C 0 Po 
In the above equations v is the volume of vapor adsorbed at 
pressure p, v^ the volume of the vapor adsorbed when the sur­
face of the adsorbant is covered by a unimolecular layer of 
adsorbate, and p^ is the saturation pressure. 
The constant C can be determined by the equation* 
0 = k e 0) 
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Since it can be shown that k does not differ much from unity, 
C is approximately given by the equation: 
C = e (% - EL)/RT (5) 
where Ej^ is the average heat of adsorption in the first layer 
and is the heat of liquification. Equation 3 becomes % 
P 
p 1 c - 1 p 
2  +  —  ( 6 )  
9 (1 - P/Po) îm C «m ° 
when the amount of vapor adsorbed is determined in terms of 
mass iAiere q is the mass of the vapor adsorbed at pressure 
p, and qjjj is the mass adsorbed at monolayer coverage at the 
adsorbant surface. 
The multimolecular adsorption equation was developed 
assuming no capillary condensation. However, a more general­
ized isotherm equation vAiich considers factors limiting the 
number of layers that can be adsorbed and also includes cap­
illary condensation has been developed by Brunauer, Deming, 
Deming, and Teller (18) pointing out that there is a range 
of abnoimally high adsorption and this adsorption is due to 
a higher heat of vaporiation of the last adsorbed layer than 
for preceding layers. 
This more generalized equation reduces to equations 3 
or 6 at low values of relative pressures. 
According to the BET theory, physical adsorption may 
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be characterized at low pressures by the two parameters 
and C. The isotherm equation of multimolecular adsorption 
taking place on a free surface is a linear equation; that 
is, the plot of P/Po versus p/p. should give a 
q(l ~ P/Pq/ __ 
straight line. %e intercept of the straight line on the 
vertical axis is 1/q^ C, and the slope is C-l/q^j^C. One can 
therefore obtain the two constants q^ and C. Brunauer (16) 
points out, however, that "It may be worth emphasizing that 
the correctness of the theory is not proven with a plot of 
the data according to the isotherm equation that gives a 
straight line. It is also necessary that the evaluated con­
stants should have reasonable values." 
©le values of Ej^, the average heat of adsorption in the 
first layer calculated by equation 5 are less than measured 
heats of adsorption but of the same order of magnitude (17). 
dampitt and German (23) point out that the assumption is 
commonly made in gas adsorption theories that the heat of 
adsorption of the second and hi^er layers of molecules is 
equal to the heat of vaporization of the bulk liquid and is 
independent of the number of adsorbed layers. This assump­
tion fails to take into account that even if the molecules 
behave as if they were in a true liquid, the heat of vapori­
zation is dependent upon the number of layers of liquid pre­
sent. The heat of vaporization of the final layer is sub­
stantially different from the bulk liquid; this causes the 
17 
total heat of vaporization of the liquid above the first 
layer to be a function of the thickness, dampitt and Ger­
man (23) rederived the constant C from the BET equation, and 
although the form is the same, the constant C assumed a new 
meaning. C 1st 
C (?) 
irtiere AHg is the heat of vaporization of the surface layer. 
The correction term - E^) accounts for the difference 
in the heat of vaporization of successive layers. The heat 
of vaporization of the liquid may be considered as a measure 
of the ease with which the molecules may be removed from the 
liquid, and the ratio between the heats of vaporization of 
the surface and the bulk molecules should represent the mea­
sure of the strength of the bonding between the molecules in 
the condensed states. By applying this correction, they ob­
tained much better %reement between (E^ - values deter­
mined from adsorption data and heat of immersion experiments 
(17, 23). The correction value for water - E^) is equal 
to -I.7 kCal/Hole. 
Goates and Hatch (35)» using a slightly different ap­
proach, also developed a multimolecular adsorption equation. 
Although the fo^ of the equation remains the same, the con­
stant C is given by: ^ 
C = e ^^^1 " (8) 
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where AP° Is the standard Glbbs free energy of adsorption 
1 
(standard adsorption potential) of the gas on the bare solid 
surface and AF Is the standard Glbbs free energy of the ad-
L 
sorbate. 
Boss (72) compared the multi-molecular adsorption theory 
of Huettlg with that of Brunauer and coworkers. Huettlg*s 
derivation assumes that the rate of evaporation of molecules 
In the first layer Is proportional to the total number of 
molecules of that layer minus a certain effect produced by 
those molecules that are covered by one or more higher layers. 
In the BET theory, this effect Is powerful enough to prevent 
evaporation of the first layer of molecules, whereas Huettlg 
uses the opposite viewpoint, namely that molecules covered 
by second and higher layers still play a role In evaporation 
as freely as If the higher layers were not present. In gen­
eral, from Huettlg*s equation the values of the specific 
surface of adsorbants agree rather well with those calculated 
using the BET theory, while the values of C are higher by as 
much as two or three times that of the BET. Deltz (25) has 
pointed out that the study of multi-molecular adsorption has 
developed In several directions since the BET theory was 
proposed, but, "...Other than to demonstrate the great com­
plexity of the problem, there has been no real breakthrough 
since the BET theory was foxmulated**. 
A direct method for the determination of the surface 
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area of a powdered solid from the adsorption Isotherm for a 
gas or a vapor on a solid has been suggested by Biunauer, 
Emmett and Teller on the basis of their multlmoleoular theory. 
When the data are plotted, the weight of vapor may be deter­
mined at Trtiloh the surface of the solid Is covered with a 
monomolecular layer of the vapor. 
lAiere N. Is Avogadro's number, M Is the molecular weight of 
A 
the adsorbate, s Is the area of an adsorbed molecule, and 
is expressed for one gram of the adsorbant. . Assuming that 
the adsorbed molecules have the same packing on the surface 
as the molecules of the liquified or solidified gas have In 
their plane of closest packing, we can obtain for the area 
covered by a molecule * 
where g ^ Is the density of the solidified or liquified adsor­
bate. Livingston (49) has defined the coefficient I.09I as 
the packing factor and Its value can vaxy from one adsorbant 
to another depending on the packing and adsorbant pores. 
(9) 
M 
Area (s) = 4(0.866) = 1.091 (10) 
Thus the equation can be used to deliver the 
M 
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specific surface areas of adsorbents if the cross sectional 
area of the adsorbate molecules is known, or the equation can 
be used to determine the area occupied by an adsorbate mole­
cule if the specific surface is known. 
For clays with platelike particles, the total surface 
area per gram of clay may be computed from the unit cell di­
mensions, In montmorillonites, this total unit-layer surface 
area per gram of clay represents both the external and in­
ternal area which is accessible to exchange ions and to water 
or other polar molecules. Water is able to penetrate between 
the layers of montmorillonite while nitrogen and oxygen mere­
ly measure the external surface areas of the organized crystal 
particles. Therefore, the use of nitrogen can give us a good 
ideal of the external surface area. 
Using water vapor, Emerson (28) determined by use of 
the BET equation that the total surface area of the calcium 
montmorillonite system was 7I0 m^/gm. Nitrogen adsorption 
indicated that the external surface as 38 m^/gm, giving a 
calculated internal surface of 672 m^/gm, Aylmore and Quirk 
(4) determined a total crystallographic surface area of 76O 
2 2, 
m /gm and 112 m /gm for the external area using nitrogen ad­
sorption. Therefore, the calculated internal surface area 
was 648 m^/gm. 
Hendricks, Nelson, and Alexander (39) investigated the 
effect of various chemlsorbed cations on the adsorption of 
21 
water by the clay mineral montmorillonite. The different 
samples of montmorillonite had the same specific surface 
areas and the same number of equivalent, weights of positive 
ions adsorbed, but differed from each other with the respect 
to the nature of the positive ions. They found that the ad­
sorption of water at equal relative pressures depended strong­
ly on the nature of the positive adsorbed ions, particularly 
at low relative pressures. Brunauer (16), using the water 
adsorption data of Hendricks et al. (39)» calculated a speci­
fic surface of 400 m^/gm. Zettlemoyer, Young, and Chessick 
(82) used ammonia adsorption on Wyoming bentonite and obtained 
a value of 556 m^/gm, and 34.5 m^/gm with nitrogen as the ad-
sorbate. Mooney, Keenan, and Wood (6o) used water desorption 
data to obtain values of about 800 m^/gm, but could not obtain 
similar values during a later study (61). Goates and Hatch 
(35) found a value of 303 m /gm using water adsorption data 
for montmorillonite. 
The above specific surfaces calculated from ammonia 
and water adsorption data assumed a closest packing of the 
adsorbate on the clay surface, and except for the data of 
Mooney et al. (60), are less than those tAiich may be calculated 
from crystallographic data, which give a total surface as 
high as 800 m^/gm (77)» 
It is possible to determine the free surface energy 
changes that occur during adsorption of vapors on solid sur­
22 
faces using the Gibbs equation. This indirect method was 
first proposed by-Bangham and Eazouk in 1937 (5» 6), Their 
treatment was rigorously applied to nonporous solids (11, ^ 5)» 
and later the method was shown to apply for porous adsorbent 
and not to depend on the degree of compression (9» 27, 33)• 
Inness and Bowley (43) have shown that the free energy of 
immersion of a solid in saturated vapor can be calculated 
from vapor sidsorptlon data. A thermodynamic relationship 
between the spreading force and the data from adsorption iso-
theims was derived considering two reversible processes iftiere-
by the surface film could be formed. Jura and Harklns (45) 
pointed out that in order to obtain the value of the decrease 
of the free surface energy of the surface of a solid caused 
by the presence of a thin film adsorbed from a vapor, it is 
necessary to gather a considerable amount of experimental data 
in the low pressure region, îAilch give the pressure of the 
vapor and the amount of vapor adsorbed when the temperature 
is constant. They further point out that, when expanded, the 
Gibbs equation for the free energy of a solid surface in sat­
urated vapor is identical to that proposed by Bangham for 
the free energy of a solid surface. 
Boyd and Livingston (11) have shown that if the adsorp­
tion isotherm for a vapor on a crystalline nonporous powder 
is obtained and if the specific surface area determined by 
the BET method (16) is employed, the change in free energy 
23 
of a clean solid surface upon immersion in a saturated vapor 
can be calculated. Using the Gibbsian adsorption equation, 
Boyd and Livingston (11) derived an equation for the free 
energy of immersion of a nonporous wettable surface in a sat­
urated vapor. It can be made to read: 
where Tgi is the solid liquid interfacial tension, T g© the 
surface tension of the solid in a vacuum, fthe surface 
tension in contact with its own vapor; q is the mass of the 
vapor adsorbed by a unit mass of the solid and the saturation 
pressure, respectively, 
Demirel (26) has presented a someiAiat simpler derivation 
based on thermodynamics, by considering that îftien a vapor at 
pressure p is in equilibrium with an adsorbed layer, the 
^ differential free energy change involved in isothermal trans­
fer of one mole of saturated vapor onto a solid surface of 
unit area is equal to the difference between the chemical 
potential of the vapor at pressure p and at saturation pres­
sure. The transfer involves the compression of the vapor, 
and the expansion of the adsorbed layer. He further points 
out that by substituting p^ d(p/pQ) for dp, the expression 
may be changed to the following: 
o 
dp (11)  
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which is a more convenient form to use when relative vapor 
pressures are employed. 
The value for AP, the free energy change accompanying the 
process of transferring the saturated vapor onto a unit area 
of solid surface can be calculated from equation 12. This 
transfer is completed when the equilibrium relative vapor 
pressure p/PQ equals one, Boyd and Livingston (11) and Jura 
and Harkins (45) recommend graphical integration of this e-
quation as a simple and accurate means of determining P. 
Boyd and Livingston (11), and Jura and Harkins (45) calculated 
the free energy change by extrapolating the adsorption iso­
therm to saturation pressure with the assumption that no cap­
illary condensation occurs. They make a correction which à-
mounts to subtracting the surface tension of the liquid (flv) 
from the equation for AP for obtaining the free energy of wet­
ting, which presumes a zero contact angle. However, Craig et 
al. (22) have pointed out that this method leads to difficul­
ties for nonporous powders because it is not possible to ac­
curately extrapolate the adsorption isotherm to a definite lim­
iting value, and a "nonporous" powder acts as a porous solid 
so that large numbers of capillary spaces are actually formed 
due to particle-to-particle contacts. The main difference 
in behavior between porous and nonporous solids is that dur-
25 
ing adsorption of a vapor on a porous solid, the solid-vacuum 
interface is replaced by a liquid-vapor interface and a solid-
liquid interface, and at p/p^ = 1 because of filling of the 
pores, the liquid-vapor interface is completely destroyed. 
In the case of a vapor on a nonporous solid, the area of 
liquid-vapor interface at p/p^ = 1 is not destroyed, and the 
area is considered to be essentially equal to that of the 
solid-vacuum interface (22). Because of the difficulties 
outlined above, a determined effort was made in this experi­
ment to reach saturation as outlined later in procedures. 
If the adsorbent is a non-interacting fine particle 
wettable by the liquid, capillary condensation in the con­
tact zones of the particles would theoretically fill the voids 
with the liquid before final saturation is attained. In 
these cases, the change in free surface energy may be cal­
culated by the equation: 
AP = (Tsl -Tso) (13) 
where AP would be the free energy of immersion of a unit 
area of solid surface in a bulk liquid. Craig et al. (22), 
Dobay et al. (27), and Pu and Bartell (33) concur in this 
viewpoint. The free energy of wetting was calculated from 
the equation: 
-BT / 1 q P 
AP = — / d(—) (14) 
MZ ^  o p/p^ p^ 
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and the values determined by graphical integration. 
In this study, the clay mineral being investigated con­
sists of a solid powder adsorbent that has a rigid structure. 
This structure is not influenced by the adsorption of water 
vapor except as far as the adsorbate enters the interstices 
of the interacting solid surface and causes swelling between 
the platelets. This separation is manifested in separation 
against the forces of interaction (^5) and the equation for 
the free surface energy must be modified as given by Demirel 
(26) .  
AP = (Tsl -Tso) #«AV (15) 
The AP is the free energy of wetting of the solid by the 
liquid, AY is the change in potential energy of interaction, 
p 
or the free energy per cm^ of the intersticial surface due 
to the separation of particles against the force of inter­
action, and is the interfacial surface area per cm^ of 
total surface (66, p. 253)- The free energy change given by 
equation 15 for the clay mineral being investigated. 
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MATERIALS 
Calcium Hontmorillonite 
To eliminate any difficulties that might arise from the 
introduction of foreign natter, the clay used was of a highly 
purified nature. The clay selected was a commercially avail­
able Wyoming bentonite known by the trade name Volclay-SFV, 
a product of the American Colloid Company. The major clay 
mineral which constitutes 90% of the Volclay is essentially 
sodium montmorillonite* (Che other 10% of the Vol clay includes 
such materials as feldspar, quartz, and volcanic glass. The 
Volclay-SPV material was further purified from coarse-grained 
impurities by sedimentation. This sedimentation process was 
repeated for twelve cycles until the suspended material was 
less than one micron diameter and practically freed from 
coarse impurities. 
Calcium montmorillonlte was prepared by mixing a 100 
cu cm saturated solution of calcium chloride (1,100 milir 
qulvalents of calcium ions per 100 cu cm) with the 200 
gm per liter clay suspension obtained after the last sedi­
mentation cycle. Calcium chloride was slowly added to 
3*5 liters of the suspension and was stirred constantly for 
24 hours. The amount of calcium ions added ly this process 
was about 16 times as much as required to satisfy the cation 
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exchange of the montmorlllonlte In suspension» The olay was 
then separated from the solution by means of a Sharpies super-
centrifuge. The olay was then redispersed in 3.0 liters of 
distilled water and again treated with 100 ou om of the oal-
cium ohlorlde solution. This procedure was repeated five 
times to insure that the oaloium ions replaced all the cations 
normally associated with the montmorlllonlte. The effective 
diameter of the material suspending in the water was 0.3 mi­
cron. The clay was washed fpee of all free electrolyte by 
dispersion in distilled water and centrifuglng until a silver 
nitrate test showed the rinse water was free of all ohlorlde 
ions. The calcium montmorlllonlte was then dried in a 40^ 
C oven and ground to pass a No. 140 sieve. The physical and 
chemical properties were determined by standard procedures 
and are presented in Table 1. 
Mercury 
Mercury used in the manometers was C.F. grade triple-
distilled mercury. 
29 
Table 1. Properties of the mineral used 
Mineral Oalolum montmorlllonle 
Physical properties 
Liquid limit, 'fi- 341 
Elastic limit, ^ 46 
Plasticity Index, % 295 
Shrinkage limit, ^ 34 
Centrifuge moisture equivalent, ^ 173 
Chemical properties 
Cation exchange capacity, m.e,/loo gm^ 103 
PH^ 6.60 
^Source (2t pp. 1286-1290}• 
^Source (2i pp. 1291-1293). 
^Source (2i pp. 1297-1300). 
^Source (2i pp. 1294-1296). 
^Ammonium acetate method. 
c 
^Glass electrode method using suspension of 1 gm soil 
In 30 oc distilled water. 
Calcium Chloride 
The calcium chloride used was reagent-grade calcium 
chloride dlhydrate meeting A.C.S. specifications. 
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Distilled Water 
Throughout the laboratory work the distilled water used 
was obtained from a steam-heated type SIiH-2 Bamstead Auto­
matic Still. This still produces practically carbon dioxide-
free distilled water with a pH approaching ?. The principle 
of operation is for all purposes a double distilling process s 
Incoming steam is condensed in coils; after cooling, the li­
quid is passed around the outside of the steam-condensing 
coils and is redistilled. In addition, for the adsorption 
experiments the distilled water was triple-distilled just be­
fore introduction into the apparatus. 
31 
METHODS OP INVESTIGATION 
The adsorption and desorption isotherms were determined 
gravimetrically (T^ weighing). X-ray diffraction was used 
for studying the interlayer spacings at varying relative va­
por pressures of water. 
Adsorption Apparatus 
A schematic diagram of the adsorption apparatus is shown 
in Figure 3» The adsorption apparatus employed consisted of 
an electrobalance system comprised of a beam balance (s), con-
' 
trol unit (p), and vacuum flask (G), connected to a Sargent 
model SB recorder (R). The electrobalance was connected to 
the vacuum train by means of a large ground glass stopcock 
(8-1) and a mercury dual-limb cut-off (K), The sample (C), 
suspended from the electrobalance in a hangdown tube (P), 
and the water reservoir (A), were both suspended in a con-
stant-temperature bath (B) having a capacity of 16 liters. 
The vacuum train was a portable unit consisting of a 
rotary single stage forepump, an air-cooled oil diffusion 
pump, a dry ice-acetone cold trap, and a Cenco vacuum dis­
charge gauge, all mounted on a rolling cart. 
The constant temperature bath was equipped with a tap 
water cooling coil, a Beckman thermometer reading to 0,0l°C, 
Figure 3* Schematic drawing of adsorption apparatus 
V 
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a continuous heater, and an Intermittent heater-mercury 
regulator-relay circuit. The Beckman thermometer was cali­
brated against a N.B.S. certified theimometer at the thermo­
stat temperature# The Immersed heaters were two 100-watt 
light bulbs with variable transformer voltage control. Room 
temperature was maintained at about 2° 0 above that of the 
thermostat by using an air conditioner, electric space heater 
and normal room steam heat. Temperature variation in the 
thermostat (B) was not more than plus or minus 0.02° C throu£^-
out the entire investigation. 
The tube A was the water reservoir used for introducing 
water into the system, and was attached to the system by 
means of an ultra-high vacuum valve V-1, obtained from the 
Granville-Phillips Company of Boulder, Colorado. The leak 
rate of the valve can be controlled from 1 liter/sec to 
1x1liters/sec. M is a simple mercury manometer used to 
determine the pressure in the adsorption chamber. The level 
of the mercury in the manometer was maintained by use of a 
mercury reservoir, the water aspirator and stopcocks (8-4) 
and (S-5). D is a mercury reservoir used to supply the cut­
off K, stopcocks 8-2 and 8-8 being used to control the level 
of the mercury in the cut-off. A cold trap (T) was used dur­
ing degassing to trap mercury vapor in the system. 8topcocks 
(8-2, 8-4, and 8-6 isolated the system from the water aspir­
ator. All glass parts in the system were Pyrez, and a high-
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vacuum silicone grease was used for all joints. 
A cathetometer (E) used to read the manometer (M) vas 
rigidly mounted on a soapstone table top tied to a steel 
framework to eliminate any movement during unattended periods 
The electrobalance was supplied by the Cahn Instrument Com­
pany of Paramount, California and was afiied to a ten inch 
steel pipe which extended through the floor and was embedded 
at the bottom in several feet of chipped hard rubber to eli­
minate room vibrations. The load capacity of the balance is 
1.0 gm. The smallest weight that can be reliably detected 
depends on the total load and the magnitude of the weight 
-6 
change; for the small sample used lo" gm was the precision 
of the balance, representing a balance sensitivity of 0.05# 
change in weight. The method of operation of the balance 
was essentially as followss Changes in the sample weight 
cause the beam S to deflect momentarily; this motion changes 
the phototube current vAiich is amplified and applied to the 
coll attached to the beam. The coll is in a magnetic field, 
so the current passing through it ezerts a moment on the beam 
restoring it to balance. The current is an exact measure of 
the sample weight. . A signal is sent to the control unit P 
where it is amplified and the final signal is fed to the 
automatic recorder B. 
Item J attached to the electrobalance is a cadmium trap 
vftiereby small strips of cadmium were placed in this well to 
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trap any mercury vapor from the manometer* This was found 
to be necessary to prevent mercury adsorption on the beam 
balance. The stopcocks In the system were sealed with mer­
cury, and ground joints were sealed with VIton "0" rings 
to reduce the possibility of leaks Into the system. 
Figures and 5 are photographs of the adsorption ap­
paratus. 
X-ray Apparatus 
A special adsorption accessory for use with a General 
Electric XBD-5 dlffractometer consisted of a SLgaku-Denkl 
controlled-atmosphere high temperature X-ray dlffractometer 
furnace modified to serve as an adsorption chamber and e-
qulpped with a mercury manometer and a water reservoir 
(Figures 6, 7, and 8). Figure 9 Is a schematic diagram of 
the X-ray apparatus. The furnace heating element and ele­
ment base were removed and a stainless steel sample holder 
was put In their place. This sample holder was so constructed 
that the clay adsorbent sample could be positioned In proper 
orientation by using the translation, rotation, and Inclina­
tion controls provided for the alignment of the original furn­
ace. Also, a constant temperature bath could be used to main­
tain the temperature In the adsorption chamber and In the 
water reservoir vapor source, since the original furnace In-
Figure 4. Equipment for adsorption measurements 
Figure 5» SoiT>tion Isotherm equipment—thermostat and 
eleotrobalance in the foreground with the 
automatic recording device in the background 

t.-
Figure 6. X-ray adsorption chamber mounted on the diffrac-
tometer with immersion cooler bath installed 
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Figure 7, X-ray adsorption apparatus 
Figure 8. X-ray adsorption chamber base showing sample 
holder 
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Figure 9. Schematic drawing of X-ray apparatus 
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corporated cooling colls. The bath consisted of a polysty­
rene picnic cooler equipped with a circulating pump, a motor 
stirrer, a tap water cooling coll, Intermediate and contin­
uous immersion heaters with variable transformer voltage con­
trols, a mercury thermoregulator-electronic relay circuit to 
control the intermediate heater, and a Beckman thermometer 
reading to 0.01° C. The constant temperature water was cir­
culated through the cooling colls fastened in a water-filled 
Dewar flask to maintain a constant temperature in the water 
vapor reservoir, and through the colls in the adsorption 
chamber. The temperature of the thermostat was maintained 
at 25.02° C. The measured temperature in the Dewar flask 
surrounding the water vapor source was 25.0° C. All glass 
tubing and fittings were Pyrex glass, and high vacuum sili­
cone grease was used on all moving parts. 
For introduction of water into the adsorption chamber, 
a glass stopcock connecting the water reservoir to the ad­
sorption chamber was cemented with epoxy into a small brass 
cylinder, which in turn was bolted to a large brass cylinder 
tightly fit and surrounding the top of the adsorption chamber. 
The male portion of the glass stopcock had a small horizontal 
slot filed adjacent to the port so that small Increments of 
water vapor could be Introduced to the clay sample. A large 
knurled brass knob was attached to the stopcock. Connection 
between the adsorption chamber and the vacuum train was made 
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by another tube attached to the exhaust port coupling by a 
Kovar metal tube and a large stopcock. 
The same portable vacuum train was used as previously 
described. 
Â cathetometer capable of reading to 0.02 mm was used 
In measuring the differences in the mercury levels in each 
limb of the manometer. A General Electric XBD-5 diffracto-
meter using copper Kosradiatlon was utilized in determining 
basal spacing and intensity throughout the investigation. 
The X-ray window on the adsorption chamber was formed by a 
1/2 mil "Mylar" polyester film necessary to prevent pinhole 
corrosion of the aluminum foil tgr water. 
Correction of mercury manometers for temperature and gravity 
Vapor pressure determinations were converted to the 
standard scale by the relationship* h_ g d. = h g d where 
o o o 
h^ is the corrected manometer reading, g^ and g are standard 
and IOCSLL acceleration of gravity in cm/sec , and d^ and d 
are the density of mercury at 0° C and at the test tempera­
ture in gm/cm^. Values of g^ = 980.665 cm/sec^, and d^ = 
135*951 gm/cc were used. Values of d at test temperatures 
were obtained from the literature (41). The local value of 
the acceleration of gravity is g = 980.297 cm/sec^ (26). 
When these values are substituted in the above relationship, 
the following correction value was obtained: 
4? 
ho = 0.75353 d h 
for both the adsorption apparatus and the X-ray apparatus. 
Meniscus correction for observed mercury levels 
The mercury levels in each limb of the manometers for 
both the adsorption apparatus and the X-ray chamber were cor­
rected for capillary depression of the apex of the mercury 
columns, since water vapor caused the meniscus heights to dif­
fer slightly. After the inside diameter of the manometer 
limbs was determined, data from the International Critical 
Tables (63) were used to construct graphs of apex depression 
versus meniscus height (Figures 10 and 11). The corrected 
meniscus height was determined for each mercury level by 
adding to the measured meniscus height the correction factor 
corresponding to apex depression. 
Procedures 
Determination of the adsorption-desorption isotherm 
Three hundred five mg of calcium montmorillonite were 
placed in a stainless steel ring (I.D. 0.375 inch) and then 
equilibrated under a bell jar containing hot water for two 
hours. The final humidty recorded under the bell jar was 
91^ as measured Iqr a dial type Air Guide room humidity indi­
cator. The loose sample and the ring were removed from the 
Figure 10. Capillary depression of the apex of a mercurial 
column in a glass tube ten millimeters in di­
ameter versus meniscus height for the adsorp­
tion chamber 
Figure 11. Capillary depression of a mercurial column in 
a glass tube four millimeters in diameter 
versus meniscus height for the X-ray apparatus 
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bell Jar and placed on a press îrtiere the sample was subjected 
to a load of 25 Kg/cm^ for two hours under ambient conditions 
of 23® C and 27% relative humidity. After removal of the 
load, the sample was extruded from the mold and the weight 
was found to be 300.52 mg. The sample was allowed to air dry 
for one day. Freshly boiled, triple-distilled water was in­
troduced into the reservoir A; the reservoir was attached to 
the adsorption chamber and the pill-shaped sample was placed 
on the electrobalance pan. The thermostat water was brought 
to 25,00° C immediately after placing the sample in the hang-
down tube of the electrobalance. The level of the mercury 
in cut-off K was lowered by means of the water aspirator and 
stopcock 8-2, and the sample and balance were evacuated by 
using the aspirator through stopcock 8-2. After evacuating 
the system with the water aspirator for one day, the sample 
weight was measured on the electrobalance and found to be 
287.0 mg. Stopcock 8-2 was closed and the system was con­
nected to the high vacuum train; stopcock 8-1 opened the sys­
tem to the vacuum train. The system was pumped for 37 days 
with the mechanical and oil diffusion pumps. 
To degas the water reservoir, the water in the reservoir 
was quickly frozen with a mixture of dry ice and acetone with 
valve V-1 closed. The valve V-1 was opened and the gases in 
the water reservoir and the sample were evacuated for 15 
minutes. A pressure of 4.5 x 10"^ mm Hg was recorded on the 
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Cenco vacuiun gage. After 15 minutes, valve V-1 was closed 
and the water allowed to thaw and release its trapped gases. 
This procedure for degassing of the water in the reservoir 
was repeated five times. 
After 37 days of pumping, the weight of the sample and 
the pressure on the vacuum gage were 265»0^ mg and 4 x 10"^ 
mm Hg respectively. Throughout the entire pumping period 
with the forepump and oil diffusion pump, cold traps were 
employed to trap moisture and mercury vapor in the lines. 
During the degassing as much of the apparatus as possible was 
heated with a hand torch, but because of the sensitivity of 
the balance and the clay to heat, they were not heated. Dur­
ing this period, mercury in the manometer M and in the cut­
off K was deaired several times by raising and lowering the 
mercury. After degassing, the mercuiy level in the manometer 
M and in the cut-off K was raised and the main stopcock 8-1 
joining the adsorption chamber and the vacuum train was 
closed. Manometer readings were taken as soon as the evacu­
ation was completed. Three readings of both the apez and 
lower edge of the mercury of both the left and right limbs 
of the manometer were taken and averaged to determine the 
pressure in the system. After correcting for temperature, 
gravity, and meniscus depression, the pressure was found to 
be 0.00 mm Hg. Immediately after taking the manometer read­
ings, a reading of the automatic recording device was made 
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to determine the equilibrium weight in milligrams. 
Vapor was transferred to the adsorption chamber in the 
following manners Valve V-1 was opened slightly Tv use of 
a torque wrench, to allow a small increment of water vapor 
to enter the adsorption chamber. Valve V-1 was then closed 
with the torque wrench, and the weight automatically recorded 
on the apparatus as adsorption proceeded on the sample. Very 
small increments of water vapor were introduced in order to 
obtain the maximum number of points during adsorption. It 
was found that the equilibrium condition of adsorption on 
the sample was attained about three to four hours after in­
troduction of the vapor. However, pressure readings and 
weight readings were recorded for a period of from four to 
eight hours. Equilibrium readings were taken intermittantly 
between four and eight hours and immediately prior to an ad­
ditional transfer of vapor. In this manner, more and more 
vapor was introduced into the adsorption chamber and the 
pressures up to saturation at constant temperature were in­
vestigated. 
In the vicinity of saturation two additional techniques 
were used to insure complete saturation. The high vacuum 
valve V-1 was left open and after there was no additional 
rise in weight of the sample, a small amount of ice-water 
was introduced against the side of the hangdown tube (P) 
containing the sample. This produced a small amount of dew 
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on the hangdown tube, and the time for the dew to disappear 
was observed. At pressures below saturation the dew disap­
peared rapidly, whereas at saturation the time of disappear­
ance sharply Increased, The weight as recorded on the auto­
matic recorder showed very little change In the weight of 
the sample while the dew persisted on the side of the chamber. 
Secondly, at saturation, the room temperature was raised one 
degree centigrade. This slightly higher temperature In ef­
fect forced a condensation on the sample due to Increase In 
pressure. This was continued until there was no further In­
crease In the weight of the sample. 
The desorptlon process was performed by cooling a dewar 
flask bath Immediately surrounding the water reservoir A 
with chipped Ice, When the dewar flask temperature reached 
equilibrium, valve V-1 was opened and small amounts of water 
that had been adsorbed on the sample were redistilled back 
Into the water reservoir, A point at a saturation pressure 
of p/p = 0.9994 was selected as the point of departure for 
the desorptlon Isotherm, It was possible to cause the return 
of water to the reservoir from saturation to a p/p^ = 0,30 
In this manner, For a p/p^ 0,3 to 0,15» a dry Ice trap was 
applied to the Pyrex tubing near the water reservoir, For 
p/PQ of 0.15 to 0,00, the water reservoir was cooled with a 
dry Ice-acetone mixture. For the final removal of adsorbed 
water from the sample, the water bath was removed and the sys-
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tern was again pumped by using the vacuum train. 
Determination of interlayer spacing 
Approximately 1.0 gm of calcium montmorillonite was 
dispersed in 250 ml of distilled water and then placed on a 
mechanical shaker and gently shaken at two-hour intervals for 
two days. A thin layer of clay was deposited on a 30 mm dia­
meter fritted medium-porosity glass disk by pulling the clay 
suspension through the disk using a water aspirator. The 
sample was set aside to air dry for one day; on the following 
day it was placed in a desiccator containing phosphorous 
pentoxide, and the system was evacuated. After five days, 
the sample was removed from the desiccator and placed in the 
sample holder of the X-ray adsorption apparatus and the top 
was fastened into place. All joints were lubricated with 
high-vacuum grease to eliminate leaks. Freshly boiled, triple 
distilled water was placed in the water reservoir, the water 
reservoir attached to the apparatus, and the system degassed. 
Stopcock 8-1 connecting the water reservoir and the chamber 
was closed and the water in the reservoir was quickly frozen 
by immersion of the reservoir in a dewar flask containing a 
mixture of dry-ice acetone. Stopcock 8-1 was then opened and 
the sample and frozen water were evacuated with the forepump 
of the vacuum train to a vacuum of lo"^ mm Hg. Stopcock 8-1 
was then closed and the ice allowed to melt and release the 
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dissolved gases in the water. %is degassing cycle was re­
peated three times with the forepump of the vacuiim train im­
mediately after attaching the water reservoir to the appara­
tus, and subsequently repeated three more times with the oil 
diffusion pump two days prior to the start of testing. Im­
mediately after the initial degassing of the water reservoir 
with the forepump, stopcock S-1 was closed and the sample 
was continuously pumped for 26 days. A dry-ice acetone cold 
trap was utilized in the evacuation line. During the last 
eight days of degassing of the system, a vacuum of 5 z 10"*^ 
mm Hg was maintained. 
A constant temperature bath was prepared and brought to 
25.02° C. After the 26-day evacuation period, stopcock 8-2 
was closed and the suction line between ground glass stop­
cock 8-2 and the vacuum train was cut and sealed with a torch, 
and the adsorption apparatus was disconnected from the vacuum 
train. The adsorption apparatus was then connected to the 
constant temperature water circulating system, placed on the 
X-ray diffractometer and the sample was aligned according to 
the manufacturer's procedures. As soon as the system came 
to thermal equilibrium, the sample was X-rayed using copper 
K radiation, and a series of five diffractometer traces of 
the initial 001 peak was made. During the X-ray period, mano­
meter readings were taken twice and corrected for temperature, 
gravity, and meniscus. The values obtained agreed with water 
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vapor pressures given in the literature (41). The initial 
001 traces indicated a peak position at 10.15 and a line 
breath at half-maximum intensity of BQ = 0.98 degrees at a 
calculated relative vapor pressure equal to zero. 
Immediately after obtaining the traces of the original 
peak and determining the pressures, stopcock 8-1 was partially 
opened to allow a small increment of water vapor to be dis­
tilled into the adsorption chamber. X-ray traces were then 
run at four-minute intervals for a period of 40 minutes, dur­
ing vAiich most change occurred. Traces of the 001 peak posi­
tions and pressure readings were recorded a minimum of four 
more times in the 24 hour period between the introduction of 
water vapor, and the equilibrium peak was recorded after 24 
hours. The equilibrium peak was recorded five times and the 
manometer readings were recorded twice during each X-ray pe­
riod and the equilibrium pressures and p/p^ were calculated 
as before: This procedure was repeated, with water being 
transferred from the water reservoir to the adsorption cham­
ber in small increments, until saturation pressure was ob­
tained. 
In the vicinity of saturation, the following technique 
was employed to determine the position of the 001 peak spac­
ing: The ground glass stopcock 8-1 was left open and the 
water allowed to transfer over to the sample very slowly. 
This stopcock was not closed during the entire period of 334 
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hours. Traces were run of the 001 peak Intermlttantly and 
with a six hour maximum time Interval between readings. After 
242 hours, no shift In peak position was observed. A small 
amount of Ice was applied to the Pyrex tubing extending from 
the water reservoir A to the adsorption chamber D; a small 
dew was produced In the Pyrex tubing, and since the dew did 
not disappear quickly, saturation had In fact been completed 
In the system. 
Immediately prior to the start of the desorptlon studies, 
the Dewar flask surrounding the water reservoir was removed 
from the adsorption apparatus and the water reservoir A was 
Immersed In a constant temperature bath (Figure 6). The ther­
mostat consisted of the following* a 3*5 liter Plexiglass 
container Insulated with two Inch glass wool; a solid-state 
Immersion cooler-heater purchased from the Chemical Hubber 
Company, Cleveland, Ohio; a motor-driven stirring device with 
a Plexiglass screw type paddle; a thermoregulator; a micro-
relay ; and a 25 ampere power source. The bath was filled 
with an ethylene glycol automobile antifreeze to allow the 
Investigation to be carried out below freezing temperatures. 
With stopcock 8-1 left open, the bath temperature was lowered 
In small Increments, causing the water to redistill from the 
adsorption chamber back Into the water reservoir A. X-ray 
traces of the equilibrium peak were taken a minimum of 24 
hours after each thermal equilibrium was established. The 
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temperature of the bath was recorded for ten minutes during 
the X-ray period Iqr means of a oathetometer and thermometer 
suspended In the bath Immediately adjacent to the water re­
servoir A. This procedure was continued until a temperature 
of -15.8^ C was attained, corresponding to a relative vapor 
pressure of 0.048. For values of p/p^ less than 0.048, the 
thermostat was removed and the water In the water reservoir 
quickly frozen by use of a dry Ice-acetone mixture, finally, 
the vacuum train was used to obtain a relative vapor pressure 
of zero. 
Errors 
Experimental error In detexmlnlng p/p_ 
The errors in determining p/p^ for the electrobalance 
adsorption chamber were determined as follows t The readings 
of the mercury manometer were made with a cathetometer the 
reproducibility of which is ±0.005 mm. The maximum error 
in the value of p^ due to temperature variations was esti­
mated to be 0.02 mm. The error In p/p^ was obtained through 
the use of the following relationship (76, p. 20)* 
2 2 
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which can be made to read: 
where Sp/p^, Sp^, and Sap.are the errors in p/p^» P^» and 
the pressure difference respectively. The error in p/p^ cal­
culated by this expression was found to be f0.0004 for all 
pressure ranges. 
The error in determining P/PQ for the X-ray apparatus 
was determined from the equation 16 above : The readings of 
the cathetometer was found to be reproducible within Î0,02 
mm, and the maximum error in the value of p^ due to tempera­
ture variations was estimated to be *0.006 for all pressure 
ranges. 
The experimental error in determining ^ 
The automatic recording device had a reliability of 
0.05# at the range selected. The error in grams of water va­
por adsorbed per gram of clay specimen was estimated to be a 
maximum of +2 x 10"^ gm/gm as determined from an average of 
four series of 20 recordings at selected equilibrium condi­
tions. 
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DISCUSSION AND PRESENTATION OF RESULTS 
X-ray Data 
The accuracy in determination of X-ray diffraction peak 
positions depended on the angle at which the peak position 
appeared, the relative sharpness of the peak, the accuracy 
in alignment of the sample, and the alignment of the instru­
ment. Ordinary commercial diffractometers incorporate a 
small misalignment because the sample is flat and is pene­
trated a certain distance by the X-rays, so part of the sam­
ple is struck by the beam beyond the instrument axis or out­
side the parafocusing circle. For best intensity, it is es­
sential that the sample be of sufficient length to intercept 
the full incident beam at the lowest angle to be recorded; 
therefore, with the 30 mm diameter sample holder, a 1° beam 
slit was used in conjunction with a medium resolution soller 
slit and a 0.2° detector slit. 
The alignment of the instrument and effect of systematic 
errors were tested by X-raying an Ethylene Diamine-d-Tartrate 
(EDDT) crystal and an Ammonium Dihydrogen Phosphate (ADP) crys­
tal with copper radiation at 40 KV and 20 ma and a 0.00? inch 
Ni filter. These crystals normally are used for X-ray fluo­
rescence analysis. Table 2 shows the results of the tests. 
For highly precise lattice parameters one would plot the 
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Table 2. Calculated dj^i spaclngs for the EDDT crystal and 
ADF crystal from secondary reflections 
Sample 20 d, a* hKl Calculated dgg^, £ 
EDDT 20.15 4.4382 001 4.4382 
40.95 2.2196 002 4.4392 
63.40 1.4776 003 4.4328 
88.95 1.1082 004 4.4328 
ADF 16.62 5.3753 001 5.3753 
33.52 2.6901 002 5.3802 
51.30 1.7936 003 5.3808 
70.50 1.3453 004 5.3812 
# 
The value was calculated using unresolved KOc 
doublet wavelength of 1.^418 £, 
calculated d^gi versus a function of 0 and extrapolate to 
6s 90°, at which misalignment errors would disappear. How­
ever, the values for d^Qj in the Table agree within to.QOJ 
so no correction was made. 
A standard deviation, o", for the sample d^^^ was eval­
uated at one relative vapor pressure, and found to be to.03°. 
In teims of basal spacing, this gives ±0.03 & at 9° 26 and 
±0.10 i at 5® 20. 
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The variations of measured line breadths from the 
average values were from +0.01° to lo.io® 20. The line 
breaths were determined as in Figure 12. 
Intensities were measured by peak area measurement 
with a planimeter, and by digital counting and print-out 
during the scans. Peak intensities at selected equilibrium 
pressures were evaluated by averaging three pe^ areas. It 
was found that for the basal spacing pattern run prior to 
the introduction of the first increment of water vapor, the 
differences between the digital printer counts and planlme-
tering method were Therefore, the intensities indicat­
ed in Figure 12 and in Tables 3 and 4 were measured by pla-
nimetering the diffraction patterns, and then corrected for 
the Lorentz-polarlzatlon factor by use of the International 
Tables for X-ray Crystallography (44, p. 270) and expressed 
relative to the starting intensities. 
Figures 13 and 14 are plots of the apparent first order 
basal spacings versus the relative vapor pressure at which 
they were observed, fflie upper plots of Figures 13 and 14 
are the line breadths and intensities versus the selected 
relative vapor pressures, respectively, expressed relative 
to the reference line breadth and intensity observed prior 
to the introduction of water vapor into the system. The 
data for these curves are presented in Tables 3 and 4. 
As can be seen from the curves, the changes in average 
Figure 12. Sketch showing the determination of X-ray dif­
fraction peaks 
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Table 3* X-ray dlffraction data during adsorption 
p> PL, 
P/P. 
Apparent Intensity Relative Line 
0 basai 
*001' 
In^xlO-^ 
I 
Intensity, breadth 
mm Hg mm Hg 0 sp&oinffy 
*001' A f  ^ Bo degrees 
0.00 23.756 0.000 10.15 5.65 1.00 0.98 
0.31 0.013 10.39 8.38 1.48 1.12 
0.52 0.022 11.18 9.59 1.70 1.22 
1.09 0.046 11.78 9.65 1.71 1.20 
1.61 0.068 11.93 10.98 1.94 1.23 
2.19 0.092 12.32 11.32 2.00 1.20 
3.30 0.139 12.58 11.32 2.00 1.23 
3.78 0.159 12.62 12.56 2.22 1.30 
4.13 0.174 12.68 12.41 2.20 1.36 
4.47 0.188 12.79 11.50 2.04 tu 4.60 0.194 12.98 10.71 1.90 
5.32 0.224 13.54 11.66 2.06 1.49 
5.46 0.230 13.66 12.40 2.19 1.43 
6.04 0.254 14.08 11.47 2.03 1.42 
6.49 0.273 14.54 11.81 2.09 1.35 
7.15 0.301 14.85 12.77 2.26 1.16 
7.41 0.312 14.93 12.90 2.28 1.12 
7.?1 0.333 15.01 13.17 2.33 1.06 
8.48 0.357 15.05 12.94 2.29 1.02 
9.10 0.383 15.16 13.48 2.39 0.97 
9.48 0.399 15.35 10.30 1.82 0.91 
9.86 0.415 15.46 10.85 1.92 0.88 
9.98 0.420 15.49 10.79 1.91 0.88 
10.41 0.438 
0.449 
15.55 10.88 1.93 0.87 10.67 15.60 10.93 1.93 0.84 
10.79 0.454 15.63 10.42 1.86 0.84 
Relative 
line breadth 
l 
1.00 
1.14 
1.24 
1.22 
1.25 
1.22 
1.25 
1.33 
1.39 
1.38 
1.47 
1.52 
1.46 
1.45 
1.38 
1.18 
1.14 
1.08 
1.04 
0.99 
0.93 
0.90 
0.90 
0.89 
0.86 
0.85 
Table 3. (Continued.) 
Pf Po» P/P. Apparent Intensity Relative Line Relative 0 basal of.*001* 
In^xlO-^ 
I 
intensity. breadth line breadth 
mm Eg mm Hg spacing, 
&001' & I 
, =0 
degrees io 
11.00 0.463 15.57 10.07 1.78 0.84 0.85 
12.09 0.509 15.66 10.67 1.89 0.80 0.82 
12.19 0.513 15.63 11.00 1.95 0.79 0.80 
12,90 0.543 15.63 11.15 1.97 0.77 0.78 
13.47 0.567 15.66 V11.13 1.97 0.74 0.76 
14.71 O.6I9 15.66 .11.52 2.04 0.68 0.69 
14.97 0.630 15.69 11.39 2.02 0.68 0.69 
15.85 0.667 15.69 11.76 2.08 0.68 0.69 
17.01 0.716 15.79 12.00 2.12 0.66 0.67 
18.32 0.771 15.94 11.64 2.06 0.64 0.66 
19.13 0.805 16.03 11.86 2.10 0.64 0.66 
20.31 0.855 16.03 11.78 2.08 0.62 0.64 
21.41 0.901 16.08 11.52 2.04 0.63 0.65 
21.91 0.922 16.26 11.70 2.08 0.66 0.68 
22.19 0.934 16.23 11.49 2.03 0.64 0.65 
22.83 0.961 16.41 11.63 2.04 0.70 0.71 
22.90 0.964 16.31 11.52 2.06 0.67 0.68 
23.50 0.989 16.63 11.40 2.02 1.32 1.35 
23.47 0.988 17.25 10.92 1.93 1.38 1.41 
23.50 0.989 18.02 9.89 1.75 1.27 1.30 
23.50, 0.989 18.95 9.20 1.63 0.98 1.00 
23.756 1.000 19.25 7.92 1.40 0.68 0.69 
Table 4. X-ray diffraction data during desorption 
p» p_. P/P- Apparent Intensity Relative 0 0 basai &001* intensity, 
mm Hg mm Hg spacing, 
&001• & 
I 
in zlO"* 
22.71 23.756 0.956 19.23 7.97 1^41 
21.38 0.900 19.19 8.56 1.52 
20.01 0.842 19.07 8.95 1.58 
19.25 0.810 19.15 8.63 1.53 
17.96 0.756 19.19 12.10 2.14 
16.70 0.703 19.10 8.38 1.48 
15.63 
14.42 
0.658 
0.607 llfd 8.64 12.12 kll 
13.16 0.554 15.77 11.85 2.10 
12.07 0.508 15.77 12.15 2.15 
11.07 0.466 15.73 12.18 2.16 
10.00 0.421 15.60 12.41 2.20 
9.08 0.382 15.52 12.73 2.25 
8.41 0.354 15.44 12.05 2.13 
7.89 0.332 15.41 12.26 2.17 
7.01 0.295 15.39 12.45 2.20 
6.11 0.257 15.23 12.35 2.18 
4.66 0.196 14.97 12.76 2.26 
3.42 0.144 14.27 13.17 2.33 
2.95 0.124 13.82 13.41 2.37 
1.95 0.082 13.16 14.63 2.59 
0.000 0.000 10.70 10.60 1.82 
Line 
breadth 
Bo 
degrees 
Relative 
line breadth 
i 
0.73 
0.76 
0.76 
0.76 
0.76 
0.82 
0.86 
0.78 
0.63 
0.62 
0.64 
0.65 
0.67 
0.67 
0.69 
0.71 
0.72 
0.94 
1.43 
1.48 
1.46 
1.41 
0.74 
0.77 
0.77 
0.77 
0.78 
0.84 
0.88 
0.80 
0.6S 
0.64 
0.65 
0.66 
0.Ô8 
0.68 
0.69 
0.72 
0.74 
0.95 
1.46 
1.51 
1.49 
1.43 
Figure 13, Variations in the first order basal spacings 
and relative line breadths versus relative 
vapor pressure for calcium montmorillonite 
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basal spacing take place In a continuous but non-uniform 
manner with changes in relative vapor pressure. Hendricks 
and Jefferson (38) hypothesized that the X-ray diffraction 
patterns from an expanding powder should show that the basal 
spacing would vary continuously with water content. As the 
relative vapor pressure is increased from zero, there is a 
slight increase in d spacing up to p/p^ e 0.015# This would 
seem to indicate that only a small portion of vapor is ad­
sorbed in the interlay ex" region, lAiile the rest is adsorbed 
on the external surfaces. (Oie expansion then rapidly in­
creases to 11.9 & between p/p^ = 0.015 and p/p^ 0.08, indi­
cating an expansion equivalent to one molecular layer of 
water lAien 1.8 molecules per unit cell are adsorbed, Figure 
15» There is a small hump in the curve between p/p^  = 0.08 
and P/PQ = 0.11, perhaps associated with the space occupied 
by a calcium cation. The d spacing is stable from p/pg = 
0.11 to p/p s 0.19; then the second major expansion from 
o 
12.6 & to 15.1 & occurs between p/p = 0.19 to p/p = 0.30 
o o 
with the uptake of 5.5 molecules per unit cell. Figure I5. 
There is a second hump in the curve between p/p^ = 
0.38 and p/p^ = 0.42 perhaps associated with the coordination 
of molecules of water with the cation. The total uptake of 
water necessary to attain the stable I5.6 1 configuration 
is 7.5 molecules per unit cell. Between p/p = 0.42 and 
o 
p/p^ as 0.98, there is a stable range of d spacing where the 
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spacing Increases only 0.8 & while adsorbing twelve mole­
cules of water per unit cell. The final increment of ex­
pansion occurred between a relative vapor pressure p/p^ 
of 0.99 and saturation. This final expansion to 19.26 % 
requires the adsorption of approximately 14 molecules per 
unit cell and required 2k2 hours to attain equilibrium. 
The 19.26 & was the maximum spacing that could be obtained 
with this interlayer cation (59). 
The desorption curve experienced two hysteresis loops, 
the first occurring between saturation and p/p^ = O.6O, and 
the second, which is less pronounced, between p/p = 0.3 
o 
and zero. Figure 16 is a plot of the molecules of oatsr 
adsorbed during desorption. 
The effect of time and pressure gradient were evident 
in the final expansion during adsorption, and the first col­
lapse during desorption. The pressure gradient for the last 
expansion was very small (0.24 mm), corresponding to p/p = 
o 
0.99 to p/p^ = 1.00, and full expansion took place after 
242 hours. Prior to this point, all expansion had been com­
pleted almost immediately after introduction of each incre­
ment of water vapor. The equilibrium pressures and peak po­
sitions were determined after twenty-four hours, although 
the expansion had been completed within the first 30 minutes. 
During desorption, all collapse was completed not later than 
16 hours after the water bath temperature had reached the 
Figure 15. Plot of the number of water molecules adsorbed 
per unit cell versus the basal spacing, first 
adsorption cycle 
Figure 16. Plot of the number of water molecules adsorbed 
per unit cell versus the basal spacing, first 
desorption cycle 
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equilibrium temperature. The first collapse of the plate­
let system took place between p/p^ = 0.65 and. p/p^ « 0,60, 
but the de sorption curve did not return to the original d 
spacing. Rils suggests that Interlayer water was trapped 
In the pores or remained associated with the cation. A 
pumping period of ten days utilizing a dry-Ice acetone bath 
surrounding the water reservoir produced a shift from 11.5° 
& to 10.7^ but the relative line breadth Increased as 
water was removed. Indicating a disordered system. It Is 
reasonable to visualize that the Isolated water Islands are 
well within the platelet structure, their exit being blocked 
or Impeded as the clay surfaces on each side of the Islands 
move more closely together. 
The plot of the X-ray line breadth versus relative va­
por pressure, Figure 12, tends to substantiate the conclu­
sion that there are varying numbers of molecular Interlayers, 
I.e. 0, 1, 2, etc., and that an octahedral coordination of 
water around the cation may exist within the Interlamlnar 
spaces. Between a relative vapor pressure of zero and p/p^ 
= 0.08, the line breadth Increases corresponding to an up­
take of water, Indicating non-uniform spacing In the Inter­
layer regions. We may note that line breadth reaches a max­
imum near the center of the steeper portions of the basal 
spacing plot, and then decreases to a minimum value or re­
mains constant as the basal spacing plot approaches flatter 
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sections, A low value of line breadth is indicative of a 
uniform spacing (15)» 
When d^Qj was between 10.5 & 15 X» a broad peak ap­
peared at approximately twice the dg^^, indicating a possi­
ble repeating double layer structure (superlattice) includ­
ing water molecules. The clean porous disc on which the 
clay sample was deposited, had been- tested using copper ra­
diation, and gave a typical amorphous pattern expected from 
a glassy material with no indication of the peaks obtained 
with the calcium montmorillonite sample. A superlattice 
has been reported by Brindley (13, p. I5I) for chlorites, 
Brindley (I3, pp. 93-96) for serpentine, and Gillery (34) 
and Demirel (26) for calcium montmorillonite. Demirel sug­
gests that the offset stacking of platelets to match the 
water molecules with oxygen atoms of the silica surfaces must 
repeat in an organized manner in the c direction. Gillery 
attributes the diffuse band to a two-layer natural stack­
ing of the layers which may be due to a tendency to form two 
types of montmorillonite lattices #iich alternate, or hy­
dration tending to take place in alternate layers. Using 
copper radiation and the beam slit-detector slit configura­
tion in this investigation, the diffuse band could not be 
clearly resolved. In future experiments, chromium and iron 
radiation should be used to resolve the peak and obtain more 
evidence and information on the possible superlattice. 
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Comparison with work of other Investigators 
Nagelschmldt (62) dried calcium montmorlllonlte samples 
In a furnace at temperatures between 8^° C and 245° C, rehy-
drated them over salt solutions, sealed them In capillaries 
of 0.77 mm Internal diameter, and took X-ray photographs. 
He noted a proportional Increase In the basal spacing from 
10»5 & to 15 % during the uptake of the first four molecules 
of water per unit cell, and an Increase of 0.6 & during the 
uptake of the next ten molecules of water. He explained 
that the small Increase In d spacing was due to the adsorp­
tion only on the external surfaces. 
Hooney et al. (60, 61) used a Wyoming bentonlte, Vol-
clay-SPV, obtained from the American Colloid Company^ and 
prepared a homlonlc calcium montmorlllonlte from this ben-
tonlte. The sample was sealed In a Pyrex capillary and 
placed In a X-ray camera and Irradiated with copper K 
radiation. The system was maintained at 20° C. In a plot 
of d spacing versus relative vapor pressure, they found that 
the spacing levelled off between 12 & and 13 % and between 
15 A and 16 2, which values corresponded to Integral number 
of layers of water molecules between platelets. They ob­
tained a spacing of 16.5 31, which was apparently Ignored In 
their conclusions, but were not able to obtain a I9 & spac­
ing, perhaps due to Insufficient time for hydration. They 
reported no hysteresis In their curves although they appar­
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ently completed their adsorption cycle at a relative vapor 
pressure of approximately 0.90. In the present study, the 
last platelet separation occurred between p/p^ r= 0.98 and 
saturation; the present data indicate that if Mooney et al. 
(60, 61) actually began their desorption at p/p^ = 0.90 and 
the second desorption equilibrium pressure point was lower 
than P/PQ = 0.60,' no hysteresis would have been observed. 
These data illustrate the Importance of obtaining complete, 
evacuation of the system prior to adsorption, and complete 
adsorption to saturation prior to desorption. 
Glllery (34) used a natural looming bentonlte supplied 
by the National Lead Company. After running adsorption stud­
ies on sodium montmorillonite ^ he resaturated the material 
with Cadg and obtaining a homoionic calcium montmorilloni te. 
The relative humidity was controlled by passing compressed 
air through appropriate saturated salt solutions and into 
the sample chamber; humidities were measured with wet and 
dry thermocouples. The type of X radiation was not speci­
fied and the sample was investigated during the desorption 
phase. Glllery states that the plot of basal spacing ver­
sus percent relative humidity suggests a mixture of sodium 
and calcium cations. He suggests that the adsorbed cation 
effects the characteristics of adsorbed water by showing hy­
drates of 12.3 & over a very small stability range of about 
relative humidity, lAiile the second hydrate of 15.5 & 
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has a stability range from about 35% relative humidity to 
saturation. He suggests that a hydrate of 18 2 exists, but 
that p/Vq S 1.00 is not sufficient water vapor pressure to 
produce this hydrate in a pure form, and the final hydrates 
exists only in a mixed layer form with the 15*5 & hydrate. 
The present study indicates that if sufficient time is al­
lowed for hydration, the 19.2 & hydrate ccm be obtained. 
Hendricks et al. (39) used montmorillonites from Cali-
fomia, Mississippi and Tfyoming, saturated with various cat­
ions. The Wyoming material was the Wyoming bentonite sold 
under the trade name "Volclay". Their material was equili­
brated over salt solutions and the samples selected for X-
ray investigation were sealed in glass capillary tubes to 
prevent loss of water. The samples were placed in X-ray 
cameras for diffraction measurements for periods of ten to 
48 hours. There was considerable scatter in the data. The 
relative humidities reported were those determined while the 
samples were in the adsorption chamber or desiccator. No 
reference was made to any method for temperature control, 
lAiich may account for the scatter. 
Demirel (26) equilibrated his dry samples at room tem­
perature in vacuum desiccators maintained at the desired 
A 
relative humidities loj appropriate salt solutions. A plexi­
glass hood equipped with a Hjrlar X-ray window covered the 
sample and salt solution during X-ray studies. Although 
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only four points were obtained for adsorption, he was able 
to attain full expansion at saturation by Immersing his 
sample in distilled water. His data compare favorably with 
the data in the present study, including the desorption hy­
steresis. 
The data of these various investigators are presented 
in Figure 1? for comparison to the present study. 
Color changes during irradiation 
Upon completion of the X-ray studies, the sample had 
been under copper irradiation for approximately 1,000 hours. 
When it was removed from the apparatus, a very distinct color 
change was evident; irtiereas the sample had been a yellowish 
white prior to testing, it was a dark greenish blue after 
Irradiation. Normal chemical tests and fluorescent analysis 
were performed to determine if some impurities* may have been 
in the sample or if copper contamination from the adsorption 
chamber had taken place. The latter is completely lined 
with stainless steel, and the sample holder is manufactured 
out of stainless steel. The cooling colls are copper but 
are imbedded into the walls of the original furnace and com­
pletely shielded from the sample by a stainless steel lining 
of the chamber. 
A strip of pure copper was placed in a watch glass con­
taining a suspension of calcium montmorlllonite, and the 
Figure 17, Variations in the first order spacings versus 
relative vapor pressure for calcium montmoril-
lonites reported tqr various authors 
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watch glass was placed In a 100# relative humidity room. 
After more than 700 hours no change In color was observed. 
Later, a portion of the Irradiated sample was placed In a 
50 ml beaker and a solution of and ammonium hy­
droxide was added. The resulting solution was clear lAille 
a small piece of copper In a similar solution caused the so­
lution to turn blue. 
The fluorescent analysis was run using tungsten radia­
tion with LIP, Nad, and EDDT analyzing crystals on four 
different specimens s a) the 1,000 hour Irradiated sample, 
b) a sample that had been evacuated to 10"^ mm Hg for 20 
days and Irradiated with copper radiation for 26 hours, c) 
an alr-drled sample of calcium montmorlllonlte, and d) a 
plain fritted porous disc similar to that used In the sample 
holder of the apparatus. None of the four specimens showed 
any trace of copper. 
The fluorescent diagrams did show small traces of tung­
sten and Iron; the tungsten was attributed to tungsten used 
In the manufacture of the porous disc, and the Iron peaks 
In all three clay samples were of the same magnitude of In­
tensity and can be attributed to the Iron substitution In 
the octahedral layer (Isomorphous substitution). 
The only other material that could come Into contact 
with the clay specimen Is mercury from the manometer. The 
possibility mercury contamination was eliminated for two 
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reasons» a) no traces of mercury were found during fluores­
cent analysis, and b) the clay specimen In the electrobal­
ance was exposed to a greater surface area of mercury In 
the limbs of the manometer attached to the electrobalance 
than the surface of the limbs of the manometer attached to 
the X-ray apparatus, this sample was under Investigation 
and vacuum for approximately 5»500 hours, and no discolora­
tion occurred In the sample. 
Therefore, the discoloration can be due tot a) a 
change in the valence state of a naturally occurring metal­
lic impurity in the host crystal (e.g. Fe in HgO is a known 
example of this) or b) a radiation-induced color center in 
the crystal (e.g. electron trapped at a halogen ion vacancy 
in an alklll halide). In either case, about ten ppm could 
1 
produce the observed effect, 
A series of short experiments were conducted subse­
quently to determine possible color changes by different 
forms of X radiation. A 99.6# sample of pure Nad meeting 
A.C.S. specifications, was irradiated using copper radiation, 
and a dull yellow-white was observed after 26 hours of radi­
ation. Later a porous disc 1/2 of which was covered a 
thin layer of calcium montmorillonite and the other 1/2 left 
1 
Dr. D. V. Lynch, Department of Physics, Iowa State 
University of Science and Technology, Ames, Iowa, I966. 
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undisturbed, was Irradiated using copper and tungsten radi­
ation. Using copper radiation, there was no noticeable color 
change after 26 hours of Irradiation on the undisturbed sec­
tion of the plate or In the clay specimen. However, while 
using tungsten radiation, the porous disc turned brown after 
four hours at any section through the entire thickness where 
the radiation was Impinging on the plate. There was no dis­
coloration of the clay specimen after four hours or after 
26 hours. After 26 hours, the plate became slightly darker 
brown. From the above observation. It can be deduced that 
the color change Is a function of the length of exposure, the 
type of radiation employed, and the atoms and structure of 
the material Irradiated. 
Reflection Intensity during transfer of vapor 
Intensity data from the X-ray diffraction study during 
adsorption and desorptlon of water vapor on calcium mont-
morlllonlte are presented In Tables 5 and 6. The Tables In­
clude Intensities of observed first, second, third, fourth, 
fifth, and sixth order spaclngs, when observed. As can be 
seen from Figures 18 and 19 and the data, the peaks of the 
secondary reflections disappear and reappear throughout the 
study. HacEwan et a^. (51) point out that peaks migrate be­
tween positions as the relative proportions of the two species 
change. This Investigation shows that during migration, the 
Table 5. X-ray diffraction Intensity data during adsorption* 
P/Pq (001) (002) (003) (004) (006) (006) 
d IzlO^ d I d id I d I d I 
0.000 10.15 5.65 4.92 1.80 3.07 6.27 
0.013 10.39 8.38 5.15 1.50 3.09 7.07 
0.022 11.18 9.59 5.47 2.20 3.10 8.67 
0.046 11.78 9.65 5.70 1.80 3.12 3.30 
0.068 11.93 10.98 5.86 1.90 3.12 3.01 
0.097 12.32 11.32 6.06 1.10 3.12 
0.139 12.58 11.32 6.30 0.60 4.23 3.12 
0.159 12.62 12.96 6.30 0.50 4.43 
0.174 112.68 12.41 6.23 0.40 4.27 
0.188 12.79 11.50 6.30 0.30 
0.194 12.98 10.71 
0.224 13.54 11.66 4.90 0.90 
0.230 13.66 12.40 4.95 1.20 
0.254 14.08 11.47 4.97 1.50 
0.273 14.54 11.81 4.97 1.60 
0.301 14.85 12.77 4.97 2.20 
0.312 14.93 12.90 4.97 2.50 
0.333 15^01 13.17 4.97 2.80 
0.357 15.05 12.94 5.00 3.20 
0.383 15.16 13.48 5.00 3.00 
0.399 
0.415 
15.35 10.30 5.03 2.80 
3.04 15.46 10.85 5.06 2.50 5.00 
0.420 15.49 10.79 5.06 2.80 3.04 8.00 
0.438 15.55 10.88 5.06 3.00 3.03 6.67 
0.449 15.60 10.93 5.09 3.30 3.03 7.00 
0.454 15.63 10.42 5.09 2.50 3.06 10.00 
*d Is the apparent spaolngs of the reflections, I Is the Intensity of the 
reflections, In^ x 10"*. 
Table 5» (Continued) 
p/p. (001) 
IzlO' 
(002) (00?) (004) 
d 
(009) (006) 
0.463 15.57 10.07 5.09 2.70 3.06 7.33 
0.509 15.66 10.67 5.09 2.70 3.06 8.00 
0.513 15.63 11.00 5.12 3.40 3.07 7.67 
0.543 15.63 11.15 5.12 3.00 3.07 8.67 
0.567 15.66 11.13 5.12 3.20 3.07 8.33 
0.619 15.66 11.52 5.12 3.10 3.07 7.66 
0.630 15.69 11.39 5.13 3.00 3.08 7.33 
0.667 15.69 11.76 5.15 3.00 3.08 6.33 
0.716 15.79 12.00 5.15 3.20 3.09 7.33 
0.771 15.94 11.64 8.03 5.18 3.10 3.10 7.33 
0.805 16.03 11.86 8.03 5.20 2.60 3.11 7.00 
0.855 16.03 11.78 8.03 5.20 2.60 3.11 8.00 
0.901 16.08 11.52 8.03 5.21 2.10 3.12 7.33 
0.922 16.26 11.70 8.03 5.24 2.60 3.13 7.33 
0.934 16.23 11.49 8.03 5.24 2,20 3.13 6.67 
0.961 16.41 11.63 8.03 5.24 2»60 3.14 6.33 
0.964 16.31 11.52 8.03 5.27 2.20 3.15 6.33 
0.989 16.63 11.40 9.60 
0
 0
 
.
 
.
 
5.27 1.80 3.14 5.66 
0.968 17.25 10.92 9.60 0
 0
 
.
 
.
 
5.27 1.10 3.14 5.33 
0.989 18.02 9.89 9.60 0.58 6.19 1.60 3.13 5.00 
0.989 18.95 9.20 9.50 0.76 6.30 0.90 4.76 0.60 
1.000 19.25 8.89 9.60 1.22 6.32 1.20 4.76 0.60 
3.14 
3.14 
5.66 
4.33 
Table 6. X-ray diffraction intensity data during desorption* 
P/Po (001) (002) (003) (004) (005) (006) 
d IxlO^ d I d I d I d I d I 
0.956 19.23 7.97 9.62 1.09 6.23 1.00 4.74 0.20 3.13 3.33 
0.900 19.10 8.56 9.55 1.32 6.23 1.40 4.72 0.40 3.13 3.33 
0.842 19.07 8.95 9.50 1.36 6.27 1.00 4.69 o.4o 3.13 3.33 
0.810 19.15 8.63 9.50 1.24 6.23 1.20 4.76 0.50 3.14 4.33 
0.756 19.19 12.10 9.60 1.34 6.26 1.60 4.74 0.50 3.15 6.66 
0.703 19.10 8.38 9.62 1.02 6.27 1.00 4.74 0.10 3.14 5.66 
0.658 18.95 8.64 9.50 1.00 6.26 1.50 4.71 0.30 3.13 4.33 
0.607 16.14 12.12 9.30 5.24 2.30 3.13 8.00 
0.554 15.77 11.85 8.00 5.21 2.50 3.07 8.33 
0.508 15.77 12.15 5.15 3.00 3.07 8.33 
0.466 15.73 12.18 5.12 3.00 3.06 7.66 
0.421 15.60 12.41 5.09 2.60 3.04 7.33 
0.382 11:^  12.73 5.09 2.80 3.78 0.10 3.04 7.33 0.354 12.05 5.06 2.70 3.78 0.20 3.03 6.00 
0.332 15.41 12.56 5.06 2.60 3.77 0.30 3.02 6.66 
0.295 15.39 12.45 5.03 2.60 3.75 0.30 3.02 5.66 
0.257 15.23 12.35 5.03 2.20 3.72 0.40 3.00 6.00 
0.196 14.97 12.76 
6.23 
4.98 1.70 2.98 3.00 
0.144 14.27 13.17 0.70 4.92 0.50 
0.124 13.82 13.41 6.27 1.00 4.92 0.50 
0.082 13.16 14.63 6.18 1.60 2.99 1.66 
0.000 10.70 10.60 5.36 3.50 
*d is the appare^ spaclngs of the reflections, £, I is the intensity of the 
reflections, in' x 10"^. 
Figure 18. Variation in normalized intensity of various 
reflections versus "basal spacing during ad­
sorption of calcium montmorillonite 
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Figure 19. Variation in normalized intensity of various 
reflections versus basal spacing during de-
sorption of calcium montmorillonite 
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peaks pass through a phase of extreme diffuseness and appar­
ently disappear In certain composition ranges. In some cases, 
no Indlcles could be assigned to the peaks of the mixture In 
the system studies. , For ease In tabulating the spaclngs, the 
data were placed In the columns according to the reflection 
orders, and can be conveniently labelled by the order or com­
bination of orders, e.g. 005 or 005/006. 
MacEwan, Amll, and Brown (51) have shown that the Inten­
sity of diffraction Is given by* 
2 1 = 8  f (17) 
where els the Lorentz-polarlzatlon factor, |Pj| Is the layer 
structure factor and tf/ Is the mixing function. 
The Lorentz-polarlzatlon factor depends on the experi­
mental technique. The combined factor Increases with decreas­
ing angle, and should cause a 1? & peak to be nearly three 
times as Intense as a 10 & reflection. The Intensities of 
all reflections were corrected using the data In the Interna­
tional Tables for X-ray Crystallography (44, p. 270), 
The mixing function ij) Is dependent on the spaclngs of 
the constituent phases and the probability of occurrence of 
these spaclngs. The Influence of a mixing function was ob­
served In that peaks did migrate within certain limits; In 
Tables 5 and 6, the peak position migrated In the 3 £ and In 
the 5 & ranges. However, only during the final transfer was 
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the mixing function pronounced, shown by the 002 and 003 peaks. 
During this transfer of vapor, the 002/003 peak shifted from 
a 28 of 16® to a 20 of 14°. At approximately 80 hours after 
the transfer, the higher peak was fairly strong In the area 
of 16°, whereas the peak at 14° was barely observed. At I96 
hours, the peak had shifted to the 14° position and was fair­
ly strong. (Thus, no definite pattern could be determined, 
but, this shows it is important to recognize that, in general, 
the more Intense observed spacings of the 3 & and 5 & would 
present intense reflections for the third, fourth, fifth, or 
sixth order reflections. 
The structure factor is a complex quantity whose magni­
tude is the amplitude of the scattered wave, and whose direc­
tion is determined by the phase of the scattered wave. No 
matter how complicated a crystal, one may picture it as a 
series of simple interpenetrating simple lattices, one for 
each different kind of atom in the crystal. Klug and Alex­
ander (46) have shown that the reflection geometry is deter­
mined entirely by the lattice dimensions and not by the com­
plexity of the diffraction pattern. The effect of the atomic 
arrangement on the diffraction Intensity from a plane are 
taken into account by the structure factor. However, the 
problem of evaluating the structure factor can be considered 
to be that of compounding several wave motions, all of the 
same period, but different in phase and amplitude. 
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Figures 18 and 19 are plots of the basal spacing versus 
the second, third, fourth, fifth, and sixth order reflections 
during adsorption and desorptlon, respectively. The dashed 
lines indicate reflections were not observed. As can be 
seen, dQQ^ is the most Intense peak throughout the entire 
range. The 002 reflection is observed lAien d^Q^ Is between 
10 Â to 13 1 and again from 1? % to 19 1. The 003 and 005 
reflections were prevalent in the mid-range from d^^^ = 13 
to 17 & . At final expansion, the 005 reflection could not 
be observed. The 004 reflection was observed in the range 
from 10.5 to 13 & and again from 1? to 19 in conjunction 
with the 006 reflection. 
In general, as the first order basal spacing increases 
the higher order basal reflections decrease in intensity. 
These reflections are strongest at 3 & and 5 A. The mixing 
function would tend to decrease the intensity lAien several 
species comprise the system, but at stable positions this de­
crease in intensity would not completely extinguish the po­
sition. All the reflections have been corrected for the Lo-
rentz-polarlzatlon factor, but this can not explain the strong 
reflections occurring only at 3 % and 5 Therefore, the 
strong reflections are due to reflection planes approximately 
overlaplng planes in the montmorlllonlte structure. 
The systematic absence of reflections depends on the 
atomic parameters and the size of the crystallite. In the 
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present study, the size of the crystallite Is sufficient to 
give strong reflections and was not considered an influential 
factor. Buerger (20) points out that in general, the struc­
ture factor may be expressed as* 
^hkl 
= e (18) 
Where f^ represents the scattering factors, and may be ex­
pressed as; 
4> = Zflihx + ky + Iz ) 
J j j j 
?Aiere <t>^ is the phase angle expressed as the fractional co­
ordinates (x., y , z ) of the atoms of the unit cell. The 
•' J J 
summation must be taken over all the atoms in the unit cell 
and if any symmetry occurs, it can be significant in deter­
mining the form of the structure factor. 
The importance of the structure factor in the clay min­
eral system can be Illustrated by analogy to sodium chloride, 
which is a face-centered cubic structure. EQr applying e-
quatlon 18, above, to the sodium chloride system in Figure 
20, it can be seen that the orthogonal planes of the unit cell 
are interleaved exactly halfway by Identical planes. For 
diffraction from either the C or C planes, the phase dif­
ference must be an Integral multiple of ZTC Therefore, no 
first order reflection will be expected because planes C and 
C are exactly out of phase (one half wavelength apart) and 
Figure 20. The structure of sodium chloride (face-centered 
cubic) 
Figure 21, Idealized electron density curve, number of 
electrons per plane in the mica-like structure 
versus atomic plane separation 
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will exactly cancel each other since their amplitudes are 
identical. There will be a strong second order reflection 
because the distance CC corresponds to a phase difference of 
(two wavelength) and CC* is half this distance 2 f (one 
wavelength). The two reflected waves C C* and C*C will be 
exactly in phase and will reinforce each other. 
Figure 21 is an idealized curve of electron population 
or density in the basic pyrophyllite structure, and it was 
drawn by plotting the total number of electrons available in 
each plane of the unit cell versus the plane location using 
the structure illustrated in Figure 1. Since the inner or­
bital electrons are chiefly responsible for diffraction, the 
effective electron populations are centered at each plane lo­
cation. The, curve was symmetrically drawn about the central 
plane, which is aluminum ions. Crests and troughs of the 
curve were determined by using the intensity data and a trial 
and error procedure. The curve appears similar to the one-
dimensional Fourier syntheses of the basal reflections of 
Allevardite, a mica type mineral (51, p. 426). 
The swelling of the montmorillonite presents a distor­
tion of the normally expected definition of a space lattice 
and unit cell, By definition, a unit cell is the smallest 
portion of a space lattice that contains a complete repeat­
ing unit of the crystal pattern. In the swelling montmoril­
lonite system, each mica like sheet is separated from the 
loi 
next Iqr n'HgO molecules and interlayer cations; if this sep­
aration is repeated in an orderly geometric fashion, a dif­
fraction pattern may be expected nhen the Bragg equation is 
satisfied. The thickness of the unit cell then must include 
at least one mineral sheet and one water-cation layer; bound­
aries of the unit cell then can be drawn anywhere—through 
the mineral sheet or through the water—so long as they are 
the proper distance apart. 
If the unit cell is symmetric and expands only in the 
c direction, the structure factor may be simplified. 
In equation 18, the structure factor was defined as* 
This expression may be expanded to the followingi 
[^2 f eos 27r(hx.+ky flz )] 
J J j j 
^hKL " * 
i[^ f sin 2iT(hx *ky +lz )] 
^ j j j 
which upon using the symmetry conditions of the crystal, may 
be simplified tot 
J/2 
P 001 ss 2 2. f cos 2ir(lz ) j=l J J 
Therefore the intensity is effected as followst 
I S 
J/2 12 
2 ^  f. cos 21Y(12 )J (19) 
j=l '' J 
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iftiere f^ Is the layer structure factor of scattering obtained 
from the curve in Figure 21, and Iz^ represents locations of 
the reflecting imaginary plane. 
In order for symmetry to occur, the unit cell "boundary 
may be taken as half way through the water layer. The pri­
mary contribution to the reflections may be assumed to occur 
from the center of the unit cell, since this has the maximum 
electron density. The behavior should be similar to that 
of the sodium chloride structure whenever clay lattice ex­
pansion is such that the central plane is located exactly 
out of phase (one half wavelength) from the silicon-oxygen 
planes forming the tetrahedral layers. 
Figure 22 is an electron population curve with the po­
sitions of the reflecting planes superimposed for the 10.1 &, 
12.6 2. 15.6 %, and 19.2 % basal spacings. Table 7 is the 
calculated values of the structure factor contribution for 
the spacings listed above for the first, second, third, fourth, 
fifth, and sixth order basal reflections. The structure fac­
tors are always applied as the square of the function, equa­
tion 17, so that any negative values calculated merely re­
present the contribution from the wave motion in the second 
and third quadrants of a unit circle. 
No quantitative values can be taken from the Table to 
directly determine the actual intensity. However, it can be 
seen from Figure 22 and Table 7» that when the structure fac-
Figure 22, Electron density curve of basic mica-like 
structure with reflection planes superim­
posed 
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Table 7. Calculated values of the structure factor effect on the^lntensity of re­
flections from the calcium montmorlllonlte-water system 
001 002 003 004 005 006 
*001 
10.1 Î 22il -11.? hi -0.1 
12.6 41.4 1.5 -12.9 -3.9 0.8 
15.6 10.0 -11.2 —0.8 14.1 3.0 
19.2 21^ 4^ io±l 1.0 
The underlined reflections Indicate those reflections actually observed on 
the diffractions traces. 
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tor values were small (0-4) the Intensity of the observed 
peak was small or the reflection was extinct. If the calcu­
lated value was four or greater, the diffraction peak was 
observed and its intensity could be measured by planimetry. 
Figures 18 and 19 show that the reflections occurring 
at 3 2 are the most intense higher order peaks; this can be 
attributed to the fact that at the 3 & position, the imagi­
nary reflection plane corresponds to a real plane of high e-
lectron density and the overall effect is a reinforcement of 
the intensity. 
No attempt was made for the construction of the curve 
in Figure 21 to include diffraction effects of the cations 
or water molecules between the platelets, which may account 
for the spread in the data. Although it appears that the 
latitude allowed is extremely large, Lipson and Cochran (48) 
have pointed out that errors in the order of 20^ are accept­
able. The accuracy of measurement was not high, and in gen­
eral, accuracy of not much better than 5-10^ can be claimed 
for individual structure amplitudes. Secondly, the scatter­
ing factor curves are affected by electrons irtiich participate 
in bonds between the atoms, and these effects were ignored in 
construction of Figure 21. 
Possible configuration of interlaver water 
Hendricks and Jefferson (38) have suggested that because 
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of the dlpole character of the water as well as the lattice 
characteristics of the clay mineral surface, water molecules 
are joined by hydrogen bonding into groups of extended heia^ 
gonal networks, By assuming a 3*0 & separation of oxygen, 
such a water network has a and b dimensions of the clay min­
erals, and every other water molecule in the net has one hy­
drogen available for bonding to an oxygen of the clay mineral 
surface. Successive hexagonal nets build up on one another 
and are hydrogen bonded to one another. This hypothesis leads 
to a laminar stacking of hexagonal water molecule network 
with a vertical separation of 2,76 % for each layer. In this 
configuration each water molecule in a monomolecular layer 
occupies an area of about 11.^ if. 
Macey (52) pointed out that there is a similarity be­
tween the basal plane of ice and the oxygen layer of the basal 
plane of clay mineral. In the clay interlayer oxygen surface, 
the oxygen atoms are ^ ,51 & apart, whereas the oxygens of the 
basal plane of ice are 4.^2 % apart. Assuming an ice config­
uration, there are 2 2/3 molecules of water per unit cell, 
and each water molecule covers an area of about 17*5 Ma­
cey suggests that the ice structure develops on clay mineral 
surfaces with the hexagonal molecular configuration of the 
basal pleme of ice and tends to build outward from the sur­
face. This configuration was supported by Porslind (30) using 
the Bdelman-Favejee clay lattice structure. 
108 
Barshad (8) has postulated various configurations for 
the water molecules adsorbed. He suggests for a monomolecular 
layer of water the maximum expansion would be 2.76 & If the 
centers of the oxygens of the water molecules were vertically 
above the centers of oxygens In the basal plsme of clay min­
eral lattice, whereas the separation would be only I.78 & If 
the water molecules form tetrahedra with the bases of the 
linked silica tetrahedra of the clay mineral lattice. Three 
possible arrangements may occur dependent on the manner of 
superposition of one monolayer of water on the other. If 
the water molecules form tetrahedia. at the water-oxygen In­
terface and octahedra at the water-water Interface, the ar­
rangement would give a separation of 1.78 1 + 2.09 & = 3*8? 
If the water molecules form tetrahedra at the oxygen-
water Interface but are vertically above each other at the 
water-water Interface, this would give an octahedral arrange­
ment with a separation of 1.78 % + 2.76 A = 4.5% i. If the 
water molecules are vertically above and below the oxygens 
of the clay surface and are also above each other at the 
water-water Interface, the arrangement would give a thickness 
of 2.76 I if 2.76 i 5.52 Î. 
When three monomolecular layers are present, three pos­
sible separations are 3.87 i 4 2.76 % = 5.96 £; 4.54 A + 
2,76 X ss 7*30 A; and 5*52 % 4 2.76 % = 8.28 &, respectively. 
Depending on the arrangement at the clay surface, the area 
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2 Q2 
covered per molecule may be about 11,5 or 7.7 A . 
Ttie results of Demirel*s studies (26) suggest that water 
Is adsorbed In the interlayer regions in the form of icelike 
structure. This agrees essentially with Macey*s hypothesis 
that a stacking of the hexagonal rings occurs in the quartz­
like structure of ice; The first and second layers form a 
separation of 2.76 X each; the third and fourth layers fill 
in between the hexagonal networks forming tetrahedrons with 
the molecules of the network. The complete unit cell of ice 
is formed with the entrance of the fourth layer, causing a 
separation of 7.36 %, The fifth and sixth layers of water 
enter between the unit cell of ice and the clay surfaces 
causing total separation of 10.12 % and 12.88 respectively. 
The area occupied by a water molecule in this method is ap­
proximately 17.5 
Opposing this view, Mackenzie (53) questions the validity 
of an ice-like structure. Nuclear magnetic resonance studies 
by Vu (81) on montmorillonite at low temperatures, do not 
substantiate the theory of ice structure. He points out 
that at temperatures below 0° C, the evidence indicates that 
the water close to the clay has a structure but it is dif­
ferent from that of ice. T#a further points out that selective 
adsorption sites exist for the first few molecules of adsorbed 
water, but that the water molecules are not bound to fixed 
positions but are under considerable thermal agitation. 
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Roderick (70) gives evidence of the formation of a lami­
nated arrangement of Interlayer water rather than an Ice-llke 
structure for a sodium montmorlllonlte with up to three layers 
of water. Merlng (59) performed water vapor adsorption stud­
ies on calcium montmorlllonlte at 30° 0 and deduced that In­
itially the first stage of hydration If the formation of 
groups of six HgO molecules around every cation. He further 
suggested that the "hydrate" with two layers of water "begins 
to form immediately after the hydration of the cations with­
out passing through a one layer state. 
There are approximately 0*35 calcium cations per unit 
cell; therefore, a three unit cell system satisfied by one 
cation is the basic model that will be utilized. From the 
data available and using Figures 13 and 1?, the possible up­
take and arrangement of the interlayer water molecules are 
visualized as follows * The first layer of water forms a 
hexagonal network shared by two montmorlllonlte platelets 
causing a separation of 2.76 &. In Figure 15» this point can 
be located at the position at which approximately two mole­
cules of water per unit cell are adsorbed. 
After the first two molecules per unit cell are adsorbed, 
there is a small Increase lAiich may be attributed to the space 
• 
occupied by the calcium ion, and may be considered as the 
state in which the first monolayer is completed and the start 
of the hydration of the cation occurs. The observed spacing 
Ill 
may be explained if the water molecules are shared by the 
cation and are located in positions directly below oxygens 
of the mineral surface, while the cation is located in the 
base of the tetrahedron in the hexagonal framework of the 
mineral surface. 
As the second layer of water enters and 5*5 molecules 
of water per unit cell are adsorbed, two hexagonal networks 
stacked in a laminar fashion would give the proper amount of 
water per unit cell and give a d spacing of 14.? &. The 
larger observed spacing 15*1 can be attributed to space 
occupied by the cation. A strai^t laminar stacking includ­
ing the cation would have given a spacing of 15.6 X; it is 
o 
concluded that the 15.1 A spacing is an average value from 
the 14.7 ^ and I5.6 %. peaks. This view is supported by the 
line breadths, which are very broad in this region (Figure 
13). 
The 15.6 & spacing relates to the entrance of additional 
water, and on the basis of the subsequent structure, this 
spacing, lAiich also gives a bMad peak, may be the start of 
an ice-like configuration with the formation of tetrahedrons 
with the water molecules of the hexagonal network. The I5.6 
o 
A spacing is associated with the adsorption of 7.5 molecules 
of water per unit cell. 
A four water-layer ice-like configuration causing a 
separation of 7.36 & can be obtained by the adsorption of 
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twelve molecules of water per unit cell, and gives a d spac­
ing of 16.5 The observed combination of minimum line 
breadth and maximum Intensity lend credence to the hypothesis 
of an Ice-llke configuration containing least disorder. The 
cation In this case fits loosely In holes, and does not di­
rectly affect the spacing. 
Apparently a fifth molecular layer of water enters be­
tween the configuration, giving a less ordered structure but 
causing a minimum line breeidth at 19.2 An observed de­
crease In the Intensity of the 001 reflections In the region 
of saturation must be an Indication that the water molecules 
and/or cations have some structure effect. As the relative 
vapor pressure Increased from p/p^ 0.42 to p/p^ 0,95» the 
o o 
Interlamlnar water content Increased, but there was no signi­
ficant change In Intensity. After p/p^ 0.95, Intensity de­
creased. In general, the effective structure factor may be 
expressed as a combination of the contribution from the min­
eral structure plus the effect of the Interlayer cations and 
water molecules. At large separations, the ordering effect 
of the mineral surface Is reduced and there Is a build-up of 
electron population of water and the cations midway between 
the two sheets. Therefore, the 001 reflection would be re­
duced because the electron density would be exactly out of 
phase, although of a much reduced amplitude. The decreased 
Intensity suggests that the cations may now be centrally lo-
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Gated, and prevention of further expansion is by symmetrical 
ion-dipole linkages between the layers. 
As pointed out, the ice-like configuration is completed 
in a very limited range of relative vapor pressure near sat­
uration* The configuration proposed in this study is not in 
basic contradiction with the ice-structure proposed by Macey 
(52) and Demirel (26) nor with thé Nuclear Magnetic Resonance 
studies of Wu (81). At the present time there have been no 
Nuclear Magnetic Resonance studies published concerning work 
conducted at relative humidities at which the ice-like con­
figuration results. Perhaps future studies can be conducted 
so as to bring more light upon the interlayer water theories. 
Other alternatives for the arrangement of water were also 
considered. In the case of laminated stacking, a separation 
of 2,76 % would be caused by the adsorption of each addition­
al molecular layer of water. Table 8 indicates that the ice 
configuration explains the data in a better manner than does 
the laminated stacking concept. 
The hypothesis proposed by Barshad (8) for the config­
uration of the interlaminar water was also examined, and the 
spacings proposed by him are included in the Table. As can 
be seen, these values can be utilized if one uses all three 
of his alternatives simultaneously. However, the configura­
tion would be changed for each increment of water layers that 
entered. For example, alternative number one could be used 
Table 8. Comparison of observed first order basal spaoings of calcium montmoril-
lonite with those calculated from montmorillonite platelet thickness (c^) 
and hypothetical mechanism of the adsorption of water 
Ice configuration Laminated stacking Barshad •s alternatives 
Number of Based on Based on Based on Based on Alter-* Alter-^Alter-* 
molecular pyro- dooi of pyro- dopl of native native native 
layers of^ phyllite collapsed phyllite collapsed #1 #2 #3 
water thickness montmo­ thickness montmo­
rillonite rillonite 
0 9.14 10.1 9.14 10.1 10.16 10.16 10.16 
1 11.90 12.86 11.90 12.86 11.94 12.92 
2 14.66 15.62 14.66 15.62 14.03 14.70 15.68 
3 14.66 15.62 17.42 18.38 16.12 17.64 18.44 
4 16.50^ 17.46 20.18 21.14 
5 19.26 20,22 22.94 23.90 
6 22.02 22.98 25.70 26.66 
^Based on a minimum d spacing of 10.16 as proposed by Barshad (8). 
^Ctorresponds to a single unit cell of ice like structure between platelets. 
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to explain the system with zero and one layer of water. Al­
ternative number two could be used to explain the system with 
zero, one, and two layers. Alternative number three could be 
utilized to explain the system with two layers of water only. 
The arrangement proposed in the preceding discussion, i.e., 
a build-up of water in an ice-like configuration, appears to 
more aptly describe the observed spacings. 
Sorption Data 
The data utilized to define the adsorption and desorp-
tion isotherms are presented in Tables 9, 10, 11, and 12. 
The amount of water adsorbed, q, is expressed in mg per gm 
of the calcium montmorillonite. The relative vapor pressure, 
p/p^, is unitless and is expressed in decimals at 25® C. In­
cluded in the Tables are the values of the function ^ 
for evaluation of the BET parameters, the function P^Po for 
q 
the evaluation of the Langmuir parameters, and the function 
used to determine the free surface energy change. 
P/Po 
Figures 23 and 24 are plots of the adsorption and desorp-
tion isotherms for the first and second cycles respectively. 
The desorption branch for the first and second branches did 
not return to the initial value of q = 0. For the entire 
range of the adsorption and desorption isotherms, the final 
point showed differences of 0.3^ and 0.25)g in the first and 
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Table 9. Adsorption isotherm data, first cycle 
p 
mm Hg 
Po 
mm Hg 
P/Po p/Po 
qtl-p/pg) 
q 
55; q 
0.04y 23.756 O.OOlg 6.873 0.27y 3.62 0.276 
0.23^ 0,0097 0.634 1.59 0.628 
0.238 O.OIOq 15.54; 0.649, 1.554 0.643^ 
0.35% 0.0l4p 18.82% 0.803^ 1.263 0.7918 
0.38g 0.0163 18.88^ 0.8774 1.15, 0.8628 
0.48y 0.020^ 21.9ly 0.954, 1.06, 0.9355 
0.50^ O.O2I3 22.073 0.9860 1.03^ 0.9653 
0.67% 0.028^ 25.979 1.12, 0.911^ 1.09y 
O.9I4 0.0382 30.302 1.32% 0.787% 1.27o 
0.92o 0.038y 31.75, 1.26g 0.820y I.2I3 
1.123 0.0472 35.47y 1.396 0.7516 1.330 
1.494 0.0629 39.50y 1.699 0.6281 1.592 
1.506 0.0634 39.35i 1.720 0,6207 1.611 
1,518 0.0639 39.476 1.729 0.6178 1.618 
2.00y 0.0845 45.4I2 2.032 0.5374 1.861 
2.05^ 0.0864 45.381 2.084 0.5252 1.904 
2.073 0.0873 45.35O 2.109 0.5195 1.925 
2.20p 0.0930 47.943 2.139 0.5155 1.940 
2.2I3 0.0932 47.9I1 2.14j 0.5141 1.945 
2.234 0.0940 47.78^ 2.171 0.5084 1.967 
2.456 0.1034 50.473 2.284, O.488I3 2.049 
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Table 9. (Continued) 
P 
mm Hg 
^0-3 P/P<j 
q(i-p/Po P/Po 
p/p< 
q 
2.522 0.1062 50.34g 2.360Q 0.4740g 2.110 
2.69g 0.1134 52.66q 2.428_ 9 0.4643y 2.153 
2.7?! O.llfg 57.315 2.3163 O.489O4 2.045 
2.902 0.1223 55.092 2.526y 0.4508g 2.218 
2-906 0.122^ 57.722 2.414^ 0.4719^ 2.119 
2-9*6 0,1240 57.659 2.455o 0.4649g 2.151 
2.961 0.124% 55.033 2.586^ 0.4416g 2.264 
3.49, 0.14?^ 65.673 2.63O4 0.44583 2.243 
3.618 0.152^ 66.064 2.7193 0.4337g 2.305 
3-^6 0.153^ 65.59^ 2.7643 0.42733 2.340 
3.722 0.156^ 67.87* 2.7374 0.4331g 2.308 
3.799 0.1399 68.063 2.782y 0.4256g 2.349 
3.91g 0.l64p 71.42^ 2.7652 O.433I2 2.309 
3-9*2 0.165^ 71.43g 2.7844 0.43060 2.322 
3.992 0.168q 71.53% 2.822g 0.4257g 2,349 
4.054 0.170y 71.562 2.646y 0.4192^ 2.386 
4.19O 0.1764 74.93y 2.8583 0.4248% 2.354 
4.479 0.189^ 79.49g 2.941^ 0.4195% 2.384 
4.545 0.191^ 79.49g 2.9762 0.4l55y 2.406 
4.856 0.204% 84.06, 3.0561 0,41123 2.431 
5.016 0.211% 87.872 3.046g 0.4l60g 2.403 
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Table 9« (Continued) 
P 
mm Hg mm Hg 
q 
575; 
p/Po 
q 
5.12^ 0.215g 87.99g .3.127* 0.4077y 2.452 
5.20^ 0.219q 91.62% 3.060^ 0.42293 2.365 
5.21p 0.219y 91.62J 3.0737 0.4170^ 2.398 
5.352 0.2253 92.21^ 3.153* 0.4092, 2.442 
5.356 0.225* 93.90% 3.099% 0.41660 2.400 
5.38^ 0.226y 94.183 3.113% 0.4154g 2.407 
S'^lg 0.2280 92.183 3.203* 0.4043% 2.473 
5.708 O.24O3 97.86p 3.232g 0.4072g 2.455 
5.733 O.24I2 97.7\ 3.269* O.405O7 2.469 
5.82g 0.2452 100.931 3.219o 0.41163 2.429 
5.928 0.249^ 101.43% 3.277% 0.4065* 2.460 
6.G9i 0.2564 101.68^ 3.3910 0.3965? 2.521 
6.194 0.260y 104.61g 3.370* O.4013Q 2.492 
6.22p 0.2623 104.493 3.40I2 0.39852 2.509 
6.23, 0.262g 104.30^ 3.4l4o 0.3972o 2.5I8 
6.5I4 0.274% 107.683 3.508* 0.3927% 2.546 
6.5^ 0.2753 107.6ly 3.530% 0.3909% 2.558 
6.828 0.287* 111.67, 3.6II2 0.38858 2.591 
6.9I4 O.29I0 111.46Q 3.682o O.383O2 2.611 
7.164 0.301g 114.24% 3.7797 0.3787g 2.640 
7.36y 0.310% 117.36^ 3.829, 0.3784y 2.642 
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Table 9* (Continued.) 
p 
mm Eg 
P/Po 
mm Hg 
P/Po 
Sd-P/P*; 
q p/Po 
pTp; — 
7.432 0.312p 117.365 3.880^ 0.3750p 2.666 
7.708 0.324^ 120.333 3.9923 0.37083 2.697 
7.9I3 0.333I 126.113 3.950y 0.3786q 2.641 
7.914 0.3332 125.925 3.968% 0.37793 2.646 
7.953 0.33^8 123.083 4.089J 0.36763 2.720 
7.97^ 0.3358 126.05% 4.011j 0.37538 2.664 
8.0ly 0.337^ 123.II4 4.162q 0.36478 2.741 
S.lOp O.34I3 125.988 4.1123 O.399I7 2.505 
8.377 0-3525 128.675 4.232% 0.36493 2.740 
8.62y 0.3632 131.455 4.339i 0.3619% 2.763 
8.72j 0.3673 131.29, 4.421% 0.3574y 2.797 
9.IO3 0.383% 134.455 4.620^ 0.3508y 2.850 
9.19^ 0.387i 136.580 4.624% 0.35283 2.834 
9.206 0.3875 136.39% 4.6423 O.352O7 2.840 
9.44p 0.3978 I36.7O5 4.8293 0.34365 2.910 
9.75% 0.416^ 139.423 5.1283 0.33443 2.990 
lO.llg 0.4259 141.45% 5.2448 0.33213 3.011 
10.40g O.438I 144.2O3 5.4070 0.32916 3.038 
10.504 0.4422 144.5I5 5.4859 0.32681 3.060 
I0.62g 0.4474 146.045 5.5435 0.32643 3.063 
ll.llo 0.4677 148.795 5.9047 O.3I814 3.143 
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Table 9. (Continued) 
P 
mm Hg 
Po 
mm Hg 
P/Pq 
q, 
%ll)-3 
gm 
P/Po q P/Prt 
pTp^ q 
11.12^ 0.4683 148.795 5.9195 0.31774 3.147 
11.20^ 0.4716 148.67% 6.0032 0.31525 3.172 
11.399 0.4792 150.795 6.1016 0.31468 3.178 
II.5I2 0.4846 153.295 6.1333 . 0.31633 3.162 
II.5I9 0.4849 153.232 6.1437 0.3I60I 3.164 
11.861 0.4993 I55.9I9 6.3956 0.31228 3.202 
11.87% 0.4997 155.91; 6.4059 0.31203 3.205 
12.138 0.5109 I55.4I9 6.7212 0.30421 3.287 
12.235 0.5151 157.981 6.7243 0.30670 3.261 
12.283 0.5198 157.981 6.8521 0.30393 3.291 
12.695 0.5344 161.32% 7.1147 0.30I88 3.312 
12,73I 0.5359 161.324 7.1576 0.30103 3.322 
12.872 0.5418 161.262 7.3328 0.29764 3.360 
12.975 0.5462 163.792 7.3483 0.29988 3.334 
13.060 0.5498 163.792 7.4558 0.29791 3.357 
13.40* 0.5641 166.35% 7.7792 0.29490 3.391 
13.433 0.5655 166.35% 7.8237 0.29417 3.399 
Ik.llto 0.5953 171,?9i 8.9645 0.28858 3.465 
14-2)6 0.5993 170.853 8.7537 0.28509 3.508 
14.60g 0.6149 174.853 9.1317 0.28436 3.516 
14.61g O.6I53 174.853 9.1471 0.28418 3.519 
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Table 9» (Continued) 
P 
mm Hg 
Po 
mm Hg 
p/p„ 
Q, f 
gxlO-3 P/Po q(l-p/pg) 
q p/p; 
575; — 
14.993 0.6311 179.03; 9.5555 0.28369 3.525 
I5.OI5 0.6321 179.164 9.5896 0.28344 3.529 
15.35/^ 0.6463 181.72g 9.5220 0.28118 3.556 
15.46g 0.6511 181.53; 10.280 0.27882 3.587 
15-794 0.6648 182.273 10.881 0.27418 3.647 
15.8^0 0.6667 182.21q 10.978 0.27330 3.659 
0.6839 186.33% 11.611 0.27246 3.670 
16.53g 0.6960 189.396 12.088 0.27212 3.675 
16.55i 0.6966 189.396 12.123 0.27189 3.678 
16.883 0.7108 192.70g 12.754 0.27111 3.689 
16.90g O.7II8 192.70g 12.816 0.27073 3.694 
17.34^ O.73O1 197.20y I3.7I7 0.2701% 3.70% 
17.345 O.73O1 197.176 13.71; 0.2700y 3.70^ 
17.66y 0.7436 200.14^ Ï4.49i 0.26916 3.7I5 
17.743 0.746; 200.206 14.74O O.268O5 3.73% 
18.14o 0.7636 •
 
0
 
CM 
15.760 0.2684% 3.72g 
18.263 0.768^ 204.67% 16.23g 0.2662g 3.75^ 
18.58% 0.782% 209.42^ 17.14; 0.2677% 3.736 
18.742 0.788; 212.27g I7.6O5 0.2690g 3.71g 
18.746 0.789% 212.454 I7.6I1 0.2692% 3.7I5 
19.053 0.802q 214.953 18.84% 0.2680% 3.73% 
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Table 9, (Continued) 
p 
mm Hg 
P/Po 
mm Hg ° 
• 9.* 
^10-3 p/Po 
qti-p/PoJ 
4 P/P, 
575; V 
19.452 0.818g 219.29g 20.60g 0.2678^  3.73^  
19 Mq 0.820^  2l9.l7i 20.84% O.267I3 3.7^ 3 
19.50g 0.821^  219.17i 20.94^  0.26692 3.74y 
19.80g 0.8338 223.32g 22.46^  0.26784 3.73% 
19.936 0.6392 222.982 23.40^  0.2657% 3.764 
20.32g 0.855y 229.26 25.86g 0.2679% 3.73^  
20.54^  0.864g 232.855 27.46g 0.2692g 3.7I3 
20.57^ 0.866^  232.98^ 27.763 0.2690q 3.71? 
20.74^  0.8732 237.13g 29.04g 0.2715? 3.682 
20.759 0.873g 237.07^  29.20g 0.2713% 3.68g 
20.76^  0.8739 237.01^  29.24^  0.2712% 3.68? 
20.91^  0.880^  237.073 31.080 0.26925 3.715 
20.94% O.88I5 237.04% 31.382 0.26891 3.719 
20.97p 0.8831 237.042 31.869 0.26842 3.726 
2I.IO4 0.8883 239.94g 33.143 0.27012 3.702 
21.116 0.8889 240.260 33.301 0.27029 3.700 
21.130 0.8895 240.44g 33.478 0.27032 3.700 
21.18g 0.8918 240.79i 34.229 0.27001 3.704 
21.193 0.8922 241.13-
D 
34.323 0.27027 3.700 
21.22% 0.8934 241.323 34.729 0.27012 3,702 
21.261 0.8950 242.04^  35.216 0.27044 3.698 
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Table 9, (Continued) 
P 
mm Eg "H mm Eg 
ssa^o"3 
gm 
P/Po 
qU-p/Po? 
q 
PTP; 
P/PQ 
q 
21.43g 0.9023 244.44y 37.781 0.27092 3.691 
21.60g 0.9095 248.10% 40.506 0.27279 3.666 
21.62g 0.9104 245,569 41.376 0.26974 3.708 
21.695 0.9133 249.16g 42.277 0.27282 3.666 
21.70^  0.9136 245.853 43.010 0.26910 3.716 
21.81q 0.9181 250.664 44,721 0.27302 3.663 
21.88g 0.9213 250.196 46.790 0.27157 3.682 
21.95o 0.9239 251.22y 48.326 0.27192 3.678 
22.052 0.9283 253.382 51.097 0.27295 3.663 
22.13g 0.9316 253.85i 53.653 0.27249 3.670 
22.159 0.9328 257.06, 53.997 0.27559 3.628 
22.33? 0.9403 258.38% 60.959 0.27479 3.639 
22.35; 0.9412 258.31, 61.966 0.27446 3.643 
22.41y 0.9437 261.50a 64.098 0.27711 3.609 
22.50^  0.9473 261.1J% 68.836 0.27566 3.627 
22.50, 0.9475 261.162 69.104 0,27563 3.628 
22.65% 0.9535 267.56? 76.637 0.28062 3.564 
23.034 0.9696 280.642 113.65 0.28944 3.454 
23.04% 0.9699 281.11% 114.63 0.28984 3.451 
23.064 0.9709 281.65? 118.46 0.29010 3.447 
23.07% 0.9711 277.83o 120.94 0.28610 3.495 
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Table 9. (Continued) 
p 
mm Eg 
P 
° p/p 
mm Hg ° 
— QL* 
SBzlO-J 
gm 
P/Po 
qn-P/Po) 
q 
575; 
p/p^ 
q 
23.1?! 0.9754 286.42^  138.44 0.29365 3.406 
23.21p 0.9774 292.39? 147.91 0.29916 3.342 
23.23^  0.9781 292.333 152.78 0.29888 3.346 
23.261 0.9792 291.772 161.35 0.29797 3.356 
23.200 0.9800 294.70, 166.27 0,30072 3.326 
23.28g 0.9802 287.7O3 172.07 0.29351 3.407 
23.30% 0.9805 296.70, 169.47 0.30261 3.305 
23.29g 0.9806 287.10, 176.05 0.29279 3.415 
23.30^  0.9810 291.772 176.96 0.29742 3.362 
23.36g 0.9837 298,583 202.12 0.30353 3.295 
23.453 0.9875 303.77o 260,07 0.30762 3.251 
23.542 0.9910 308.95* 356.40 0.31176 3.207 
23.545 0.9911 305.332 364.71 0.30807 3.246 
23.56, 0.9921 306.26, 410.04 0.30871 3.239 
23.63g 0.9949 309.08^  631.16 0.31067 3.219 
23.683 0.9969 3I8.I73 1010.7 0.31916 3.133 
23.71? 0.9984 322.48^  1935.0 0.32300 3.096 
23.72% 0.9985 311.73? 2135.3 0.31221 3.203 
23.73i 0.9989 316.54g 2868.8 0.31690 3.156 
23.783 1.001 319.735 0.31942 3.131 
23.786 1.001 319.93o 0,31961 3.129 
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Table 9* (Continued) 
p 
mm Hg 
p 
® P/Po 
mm Hg 
—Q, 
P/PQ 
qu-p/p^; 
q 
PTP; 
P/PQ 
q 
23.853 1.004 328.38g O.327O8 3.057 
23.89 1.005 323.67% 0,32206 3.105 
23.90* 1.008 322.39% 
- • 
0.31983 3.127 
23.9?! 1.009 336.513 0.33351 2.998 
23.994 l.OlO 330.795 0.32752 3.053 
24.183 1.017 353.52^ 0.34762 2.877 
24.264 1.021 360.58^ 0.35317 2.831 
24.375 1.026 353.80g 0.34484 2.900 
24.43^ 1.028 357.93q 0.34484 2.900 
second desorption runs, respectively. These differences may 
or may not be real, since readings of the calibirated dial on 
the automatic recording device or marking pen position may 
have introduced an error. However, if this difference is real 
it may be attributed to trace amounts of individual or clus­
tered water molecules that were trapped within the interlayer 
positions if the pumping period were insufficient in length 
to remove the water from within the collapsed clay structure. 
Hence, the values for the HgT.function, the Langmuir. func-
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Table 10. Desorptlon isotherm data, first cycle 
p 
mm Hg 
Po 
mm Hg 
P/Po 
g.» 
g^lo-3 p/Po 
qU-P/PoJ 
5 P/P< 
P/Po q 
23.7^ 1 23.756 0.9994 319.86g _ 0.32006 3.124 
23.44% 0.9870 307.7I4 246.73 0.31177 3.207 
23.42g 0.9861 301.653 235.18 0.30591 3.269 
23.42^  0.9858 302.02g 229.86 0.30628 3.264 
23.06^  0.9709 284.07p 117.45 0.29259 3.418 
22.46g 0.9457 268.14^  64.950 0.28354 3.527 
21.72y 0.9146 256.42g 41.764 0.28037 3.566 
21.57j O.9O8O 253.92p 38.867 0.27966 3.575 
21.45^  0.9032 252.36, 36.972 0.27941 3.579 
20.84j 0.8773 240.88g 29.682 0.27458 3.642 
19.660 0.8276 232.91g 20.610 0.28144 3.554 
19.65g 0.8275 232.60g 20.623 0.28109 3.557 
19.12, 0,8051 227.84j 18.130 0.28300 3.534 
18.62, 0.7839 223.467 16.233 0.28507 3.508 
18.19% 0.7657 220.10g 14.847 0.28746 3.478 
17.62g 0.7420 216.35; 13.292 0.29159 3.429 
17.593 0.7407 216.35; 13.203 0.29210 3.423 
17.118 0.7205 212.45* 12.134 0.29487 3.391 
16.62% 0.6996 209.32; 11.126 0.29921 3.342 
16.18g 0.6814 206.674 10.348 0.30331 3.297 
15.53i 0.6537 203.42% 9.2794 0.31119 3.213 
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Tatde 10 . (Contlnuedf) 
P 
mm Eg 
Po 
mm Hg 
P/Po P/Po 
q(l-P/Po) 
q 
PTP^ 
P/Po 
q 
14.869 0.6259 199.332 8.3935 0.31847 3.140 
14.45, 0.6086 196.394 7.9174 0.32270 3.099 
13.832 0.5823 193.02Q 7.2223 0.33148 3.017 
13.57, 0.5716 191.64g 6.9622 0.33528 2.983 
13.18? 0.5517 188.11^ 6,5420 0.34097 2.933 
12.59o 0.5300 183.74% 6.1372 0.34668 2.885 
12.557 0.5294 183.99i 6.1141 0.34755 2.877 
12.20j 0.5137 180.99% 5.8364 0.35233 2.838 
11.72, 0.4937 178.55j 5.4611 O.36I67 2.765 
11.04, 0.4649 174.52^ 4.9781 0.37540 2.664 
10.62? 0.4473 171.273 4,7252 0.38291 2.612 
IO.3I1 0.4340 168.43% 4.5525 0.38809 2.577 
9.8I2 0.413O 164.99^ 4.264% 0.3995o 2.503 
9.66g 0.407o 163.09o 4.208^ 0.4007% 2.496 
9.322 0.3924 159.9O3 4.038g 0.4075o 2.454 
8.826 O.37I5 155.872 3.792% 0.4195? 2.383 
8.39; 0.353% 150.7O2 3.626y 0.4274^ 2.345 
8.06- 0.3396 146.78% 3.5034 0.43222 2.314 
8.06, 0.3394 146.78% 3.500^ 0.4324? 2.312 
7.693 0.3238 141.422 3.3860 0.43675 2.290 
7.434 0.3129 136.7O5 3.33I2 0.4369O 2.289 
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Table 10. (Continued) 
p 
mm Eg 
% P/Po 
mm Eg 
P/Po 
q(i-p/Po) 
<1 
P^ 
P/Po 
q 
7.30y 0.3075 133.76g 3.32I1 0.4348g 2.299 
6.995 0.294% 127.582 3.2733 0.4330^ 2.309 
6.75q 0.284^ 123.02Q 3,232% 0.4324% 2.313 
6.7I1 0.282^ 122.64^ 3.210^ O.434I4 2.303 
6.464 0.272J 115.022 3.249; 0.42272 2.366 
6.458 0.271g 115.084 3.243^ 0.4234% 2.362 
6.27^ 0.2642 110.74^ 3.219% 0.4213, 2.373 
5.85o 0.246^ 100.15g 3.262y 0.40663 2.459 
5.662 0.238g 98.595 3.1783 0.41323 2.420 
5.5O3 O.23I5 95.595 3.152, 0.4127g 2.423 
5.325 0.224% 91.972 3.142: 0.4102% 2.438 
4.8O5 0.202^ 83.78? 3.026g 0.4l4ly 2.414 
4.65^ 0.1960 83.06g 2.934y 0.42382 2.359 
4.39I 0.184g 78.56, 2.885. 0.4251g 2.352 
3.9O4 0.l64j 7I.9I4 0
0 .
 
CM 
0.43?7q 2.285 
3.42q 0.144q 64.41g 2.611^ 0.44733 2.235 
3.34* 0.l40g 62.IO4 2.634^ 0.4417% 2.264 
0.0000 0.0000 3.OI5 
-— 
^ 
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Table 11. Adsorption Isotherm data, second cycle 
p 
mm Hg 
Po 
mm Eg 
p/pg 
q$ 
gdO-3 E/Po 
qii-p/poj 
q 
pTP^ 
p/pq 
<L 
0,0?8 23.756 O.OOlj 5,67, 0,28i 3,55 0.282 
0,04, 0,002J 5,67y 0,37i :"?o. 
1 
0.0058 Î3,40j 0,43; 2.3I1 0,433 
0,006i 
"•'S 
0.45g 2,l9y 0,455 
0,18^ 0.007, 13-40j 0.59% 1"*96 0,58, 
o,«»3 0.03?! 28.69, 5 0.971 1.059 0,9442 
Q.66^ 0.028, 
1 
28.6?^ i . o ip  1.0183 9,9818 
i'29o 0,0542 40.11, 1.431 0.7401 1,351 
0.054% 40,21, 1.431 0.7391 1,353 
l,79i 0.075% 47.8Sg 1.704 0.6347 1,576 
. \ 
2,>5, 0.1035 SS-Wg 2.082^ 0.5356y 1.867 
3,113 0.1310 62,09, 2.426y 0.4740y 2.109 
3-823 0.1610 69.83; 2.7479 0.43375 2.305 
4,536 0,1909 79.64, 2.961, 0,4171g 2,397 
5,144 0.2166 89.89^ 3-0764 0.4150^ 2.409 
6,03O 0.2538 101.28j 3,3579 0,39903 2,506 
6,87, 0.2896 110.5:4 3.688^ 0,3816% 2,620 
«,914 0.2910 110.70% 3.7073 0,38092 2,624 
7,662 0.3225 117.5^0 4.0498 0.3644g 2.743 
8.628 0.3632 IZt.&Zg 4.5839 0.3425? 2.919 
9.498 0.3998 131.38% , 5.0699 0.32862 3.043 
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Table 11. (Continued) 
P Po 
mm Hg mm Hg 
p/Po 
Si , 
Sgiio-3 P/Po 
q(l-p/Po) q 
19,418 0,4385 5,6416 0,31567 3,167 
11.35^ 0.4779 IW.5I2 6.3340 0,30238 3,307 
0,5141 150,38, 7.0353 0,29253 3,418 
0-5531 . ,«7,258 7,8701 0,28432 3,517 
14,121 0.5944 163,2?y .8.1382 0,27473 3.640 
:4,9ii 0.6277 168.542 10,003 0.26851 3,724 
15,796 . / 0.6649 175.1^1 11.328 0.26341 3.76? 
16,672 0,7018 182.63y 12,883 0.26024 3,843 
I7,66i 0,7434 181.71* 15.270 0,25520 3.918 
16,448 0,7766 195,89I 17.745 0,25224 3,964 
l?,lOy 0,8043 2P»,»32 20,203 0.25293 3,953 
19,863 0.8361 211,77j 24,087 0,25329 3.948 
20,523 0,8641 219,41» 28.977 0.25392 3,928 
21,07g 0.8872 227,30, 34,602 0,25620 3,903 
21,672 0.9123 237,45o 43,799 0,26028 3,843 
22,080 0.9295 249,96g 52,727 0,26893 3,718 
22,08^ 0,9297 257.82* 51.275 0,27732 3,606 
22,093 0,929? 251.30% 52,805 0.27025 3,700 
22,724 0,9566 267.255 82.468 0,27938 3.57? 
23.756 1.0000 324.660 0.32446 3.080 
131 
Table 12. Desorptlon Isotherm data, second cycle 
p 
mm Eg 
Po 
mm Hg P/PQ 
M 
(l^)llo 
gm 
P/Po 
qci-p/p^} 0 
1 
23-754 23.756 1,000 324.660 0.32466 3.080 
23.3fo 0.9825 323.6I1 173.48 0,32938 3.036 
23,29; 0,9804 323.6I1 154.57 0.33008 3.030 
23.268 0,9795 318.274 150.12 0,32494 3.077 
23r07i 0.9712 313,564 107.54 0.32286 3.097 
23,056 0.9705 323,311 101,76 0.33314 3.002 
23,04, 0.9702 311.767 104,44 0,32134 3.112 
23.01, 0.9690 293.56g 106.48 0.30296 3.301 
22.91, 0.9648 320.672 85.477 0.33237 3,009 
22.83y 0.9613 286.22q 86.786 0.29774 3,359 
22.53J 0.9486 274.526 67.243 0.28940 3.455 
22,02o 0.9269 261.18^ 48.548 0.28178 3.549 
21,60, 0,9095 247.27o 40.644 O.27I87 3.678 
20,709 0.8717 234.88, 
6 
28.925 0.26946 3.711 
19.854 0.8357 223.46% 22.760 0,26739 3,740 
18.757 0.7896 212.96y 17.622 0.26972 3.708 
0.7470 204.99i 14.406 0,27442 3,644 
0.7152 200.70^ 12.511 0.28063 3,563 
16,03% 0.6748 194.04^ 10.693 0.28756 3.478 
14,822 0.6239 187.75o 8.8362 0.30093 3.323 
13.715 0.5774 181.00^ 7.5468 0.31348 3.I90 
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Table 12 • (Continued) 
-
P Pc 
P/Po (gm)zlO"'^ P/Po q P/PQ 
mm Hg mm Hg gm q(i-p/Po) p75J q 
0.5342 175.756 6.5261 0.32901 3.039 
11,364 0.4784 168.59, 5.4404 0.35240 2.838 
10,6?5 0.4502 164.0?2 4,9899 0.36449 2.744 
9^532 0.401^ 2 156,74g 4.2744 0,3906, 2,560 
00 
• 
' 
•
 
00 
0.3594 149,21g 3.7596 0.4151; 2.40? 
7,87, 0.331, 141,753 3.50I2 0.42735 2.340 
6,822 0,287i 130.085 3.0956 0,45311 2,207 
6,67g O.28I0 129.2ltj 3.023^ 
2.9555 
0.4599^5 2.174 
<(192 0.260g ll?.23g 0,45754 2,186 
3,686 0.239o 104.872 2.995I 0,4387; 2,279 
,5,5?7 0.235g 107.27^ 2.873i 0.45531 2,196 
0.2336 103.372 2.948g 0.44252 2,260 
3,414 0,227; 105.83^ 2.7894 0.4643, 2.153 
5.232 0,2202 98.99; 2.852y 0,4495, 2.224 
5,183 0.2182 101.094 2.760g 0.4633i 2,158 
5,18t 
4.861 
0.218^ 
0.204g 
101.87, 
3 
92.09g 
2.737, 
2.792y 
0.4670; 
0.4501* 
2.141 
2,222 
4,224 0.1778 80.61% 2.681; 0.4534* 2.206 
3.30o 0438; 69.00^ 2.3376 0.4967g 2.013 
2.6». 
5 0.III3 58.923 2.1246 0.52943 1,889 0
 • 
CM 
O.O863 49.393 1.912 0.5723 1.747 
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Table 12. (CSontlmed) 
mm ig mm Hg ° gm 
p/p. (^)ilO"3 
l,70i 0.0716 43.45^ 1,775 
1,10g 0.0466 28,15^ 1.736 
O.OOQ 0.000 2.59ç 0.000 
0,6069 1.648 
0.6041 1.655 
0.000 
tlon, and the free energy change for the second cycle were 
computed from the isotherm beginning at q = 0 and using the 
end point of the first desorption cycle as the new reference 
point. 
The isotherms show equilibrium moisture contents for 
the clay as the relative water vapor pressure increases or 
decreases. In the low relative pressure region, the isotherm 
is concave to the pressure azis whereas in the high relative 
pressure region it is convex to the pressure axis. In an 
intermediate pressure range the isotherm exhibits a sometAiat 
linear portion, the length and slope of which Brunauer (16) 
states is dependent on the adsorbent, the adsorbate, and the 
temperature selected for the investigation. Orchiston (64, 
65) points out that the multimolecular adsorption theory is 
based on an adsorption on localized sites rather than on the 
Figure 23. Sorption isotherms of calcium montmorlllonlte, 
first cycle 
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Figure 24. Sorption Isotherms of calcltun montmorlllonite, 
second cycle 
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formation of a mobile adsorbed layer. Using the Orchiston 
(65) approach, the concave section of the section of the 
isotherm explains the completion of the first layer on these 
sites which may grow vertically suid horizontally. The con­
vex section of the isotheim shows a running together of the 
clusters of water molecules around the active sites. 
It can be seen that there is a drift on successive cycles 
with the same adsorbent, and the isotherms do not coincide. 
The shift in the curve is probably due to a rearrangement of 
the surface areas as well as the changes due to pore size and 
shape during the first adsorption cycle. In the relative 
pressure range from p/p^ = 0.85 to saturation, the effects 
due to capillary condensation are pronounced. 
A large portion of the sorption chamber, namely the 
large vacuum bottle containing the electrobalance, was ex­
posed to room temperature (Figures k and 5)» fluctuations 
in room temperature would affect the pressure in the sorption 
chamber. When the Kelvin equation is employed to determine 
the capillary condensation, it can be seen that little change 
in pressure at high relative pressures due to slight room 
temperature fluctuations can have a pronounced effect on ad­
sorption. The effect of slight room temperature variations 
at low and intermediate relative vapor pressures (p/p^ = 0 
to v/VQ = 0.85)9 however, have little effect on the stability 
of the system at equilibrium since capillary effects and the 
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differences in pressure due to room temperature fluctuations 
are minimal. The instability of the system at high relative 
pressure range probably results in a rearrangement of the 
pores of the adsorbate, causing drifts in successive sorp­
tion cycles. After a relative pressure of 0.90 the effect 
of room temperature variations on the stability are especially 
pronounced and manifested as an oscillating or "hunting" of 
the recorder pen. This oscillation was associated with a 
change of relative pressure of O.Ol and a change of q equal 
to 5-0 mg/gm of clay. 
Between relative pressure of 0.97 and 0.99 the "hunting" 
was due to the condensation of the water around the hangdown 
tube in the thermostat. To eliminate this effect, the water 
level was raised in the thermostat so that the water level ex­
tended up onto the heavy glass protrusion of the electrobalance, 
and a thin film of oil was placed on the surface to reduce 
condensation. At saturation although the bath temperature was 
maintained at 25*00- 0.01° C and the sample was suspended ap­
proximately 20 centimeters below the surface of the bath, e-
quilibrium was difficult to maintain. The sample weight oscil­
lated very slightly due to random condensation and evaporation 
due to room temperature fluctuations of 1/2^ C causing a pres­
sure difference in the vacuum flask of the electrobalance. 
Regardless of the variations during adsorption at the high 
relative pressure range, when equilibrium was established, a 
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smooth curve was obtained. 
Several Interesting facets concerning the rate of adsorp­
tion were observed during the Investigation. The spontaneity 
and Instantaneousness of adsorption was Indicated by the auto­
matic recording device attached to the electrobalance. As 
soon as a small Increment of water vapor entered the system, 
the response of the pen was Immediate. At low relative pres­
sures, the slope of the line described by the marking pen was 
very steep and the slope decreased as the relative vapor 
pressure approached saturation. During desorptlon studies, 
this trend was reversed at high relative vapor pressures. If 
It Is assumed that only a small fraction of the impinging 
water vapor molecules are reflected back elastlcally by the 
solid, the rate of adsorption on a free surface would be quite 
rapid. If, however, the adsorbent contains long, very narrow 
pores and the vapor must diffuse into them, the adsorption 
would take a longer time to reach equilibrium. If the in­
coming water molecules must displace either previously ad­
sorbed molecules already there, the rate of adsorption may 
become very slow. In these studies, equilibrium was reached 
four hours after introduction of vapor and eight hours after 
removal of vapor for adsorption and desorptlon respectively. 
At low pressure, approximately 90^ of adsorption took place 
within the first 24 minutes after the stopcock controlling 
the water reservoir was closed. 
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A similar trend was observed with the X-ray diffraction 
studies. After introducing a small amount of water vapor, 
the goniometer was set in motion, starting at a 2e angle 
two to four degrees lower than the apparent basal spacing 
for the previous transfer. The shift to the new vapor trans­
fer peak position was observed"within two minutes after stop­
cock S-1 was closed (Figure 9). At all relative vapor pres­
sures up to p/p- = 0.98, the new peak position determined 
within 30 minutes after closing the stopcock did not change 
in position or intensity during the next 24 hours. This would 
indicate that the basal spacing and intensity bath change 
rapidly with the introduction of vapor. The shift in basal 
spacing was dependent on the amount of water adsorbed. 
During adsorption in the X-ray chamber from p/p^ s O.98 
to saturation, stopcock S-1 was left open and sufficient time 
alloted to assure saturation, and X-ray diffraction traces 
were run intermittantly for a period of 342 hours. The 
driving force was very small and adsorption proceeded very 
slowly. No appreciable change in basal spacing, intensity, 
or line breadth was observed until 80 hours after introduction 
of the vapor. After 80 hours there was an increase in line 
breadth preceding a change in basal spacing. The shift in 
dooi continued very slowly during the next 120 hours and was 
accompanied by a line breadth and intensity variation as shown 
in Figures I3 and 14. During desorption, a cooling bath was 
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provided to condense the water adsorbed on the clay back Into 
the water reservoir. The bath temperature reached an equili­
brium condition within one hour after start of the transfer. 
Although variation of line breadth, Intensity, and basal 
spacing were observed during the first 16 hours, equilibrium 
conditions were determined after a minimum of 24 hours. At 
relative pressures between p/p^ = 0.65 and 0.60, there was a 
sharp basal spacing change from 19 & to 16 %, This shift 
was accompanied by a line breadth Increase and then decrease 
as Indicated in dashed line on Figure 13. For the final ex­
pansion or Initial collapse of highly hydrated calcium mont-
morlllonlte there is either a force or strain to be overcome 
and/or the pores must be sufficiently filled or evacuated. 
Barrer and MacLeod (7) studied the solution of non-polar 
and polar gases and vapors on montmorillonite. They reported 
that in theory van der Waals adsorption should take place in­
stantaneously, but that conducting of heat away from the sam­
ple causes a slight time lag. Additional slowing down is due 
to diffusion of vapors between particles of adsorbent, and 
redistribution of sorbed vapors by evaporation and condensa­
tion vAiich proceeds until a uniform distribution of adsorbed 
material throughout the sample is achieved. 
Brunauer (16), Poster (32), and McBain (54) have shown 
that hysteresis can be expected with porous adsorbents. As 
can be seen, the sidsorptlon and desorption isotherms fall on 
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different curves forming a hysteresis loop which closes in 
the range of p/p^ = 0 to p/p^ = 0.25. The hysteresis loop 
indicates more adsorbate during desorption than adsorption 
at a given pressure. Physical adsorption on the surface of 
the adsorbent is usually completely reversible, whereas the 
hysteresis shown by the desorption branch may or may not be 
reversible. If on repeating the experiment the desorption 
isotherm is completely reproduced, the desorption hysteresis 
can be considered as reversible; or it is irreversible if the 
second investigation gives a different curve. We may note 
that the hysteresis begins in the region of multlmolecular 
adsorption. 
The first explanation for hysteresis was advanced by 
Zsigmondy in terms of capillary condensation (16, p. 394). 
He assumed that during adsorption the vapor does not wet the 
walls of the capillaries in which adsorption takes place. 
As the adsorption reaches saturation, the impurities are dis­
placed and at saturation complete wetting takes place. 
The hysteresis due to trapped gases or adsorbed water 
molecules should be eliminated or reduced by effective eva­
cuation of the system prior to investigation. However, pore 
size and distribution probably remain as the chief causes of 
hysteresis, as explained in following paragraphs. 
McBain (54) proposed what is called the "ink bottle" 
theory of hysteresis. He pointed out that as p/p^ increases. 
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the condensed adsorbate will occupy the narrowest cross-section 
and will extend to wider cross-sections only as p/p^ in­
creases. When the vapor is sufficiently close to saturation, 
the pores will be completely filled. On desorption, no evap­
oration will occur from filled pores until the relative vapor 
pressure has fallen to a value sufficient to cause evapora­
tion from the largest orifice or passage leading to the larger 
enclosed cavity. In this theory, the true equilibrium corre­
sponds to the adsorption points since the important part of 
the liquid, that contained in the body of the pore, is in e-
quillbrlum with the vapor only on the adsorption side but not 
on the desorption side. 
Poster (32) suggested that hysteresis can be explained 
by the "open pore" theory, and showed that a meniscus should 
be formed in order that condensation may occur in a capillary. 
However, this condensation can not take place until there Is 
sufficient liquid present to block the pore at its narrowest 
point. Inltally, the surfaces of capillaries are covered by 
a strongly adsorbed layer so that the forces tending to form 
an additional layer are much smaller than those attracting 
the molecules. As the layer formation proceeds, the capil­
laries become smaller so that a point is reached where the co­
hesive forces would be able to produce a greater lowering of 
equilibrium vapor pressure than the adsorption forces. In 
the pores that are already blocked at their narrowest point 
1^5 
and In irtilch the meniscus Is formed condensation can proceed 
without delay. During desorptlon, the adsorbed liquid Is 
bounded by the menisci and the pressure corresponding to the 
point at which the Kelvin equation Is satisfied Is that ob­
served during adsorption for a lesser amount of water adsorbed 
producing a hysteresis. 
Barrer and MacLeod (7) have explained hysteresis by 
stating that the desorptlon branch Is the delay of the devel­
opment of an adsorbate-poor phase In the Interlayer regions 
caused by strain and Interfaclal free energy until the pres­
sure of the system has fallen below that for true equili­
brium, lAiereas, for adsorption, the development of an adsorb-
ate-rlch phase In the Interlayer regions is delayed due to 
strain and Interfaclal tensions and the pressure exceeds the 
value for true equilibrium between the vapor and separated 
montmorlllonlte layers with or without interlayer adsorbate. 
Hirst (40) has shown that the forces tending to hold 
platelets together also prevents penetration of the adsorbate. 
Interlayer adsorbate can only enter after a sufficient pres­
sure is reached which would oviercome the attractive forces 
and allow penetration. As the solid swells on adsorption, 
the free energy lowering of the solid may not be equated to 
the free surface energy since some energy will be used as 
work of expansion. As the interlayer attraction is reduced 
by the expansion, less energy is necessary to expand the unit 
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for additional penetration of vapor. He further points out 
that when capillary condensation occurs, pores tend to shrink. 
As a result, on desorptlon vHaen the vapor pressure Is lowered 
slightly, liquid will remain In the tube. When the platelets 
are fully expanded, the forces of attraction are weakened and 
the forces tending to keep them apart are high. Collapse of 
the structure will proceed only after the amount of Interlayer 
adsorbate and swelling pressures are reduced. Brunauer (16) 
points out that even though adsorbents are usually regarded 
as rigid bodies, the adsorption process causes a change in 
pore volume, shape, and a rearrangement of the surface of the 
sample. 
The plots In Figures 23 and 24 tend to produce a com­
pletely reproducible Isotherm up to p/p^ 0.20, after which 
a well defined hysteresis Is observed. This Is consistent 
with the studies conducted by Bering et ad. (10) on bentonlte 
using hydrocarbons as well as water vapor. Demlrel (26) and 
Roderick (70) observed that the adsorption branch of the 
homolonlc bentonltes Investigated gave better reproducibility, 
and they chose the adsoirptlon branch as the true equilibrium 
curve. Mooney et (60) observed that during their water 
vapor montmorlllonlte studies, the adsorption Isotherm was not 
reproducible, and they apparently used the Initial water con­
tent at vhlch the adsorption was begun. The desorptlon Iso­
therm had a hysteresis which was reproducible, and because of 
14? 
the irreversibility of hysteresis and. the close reproducibil­
ity of the Resorption curves, they chose the desorption curves 
as the true equilibrium curves. 
Adsorption models 
According to Martin (57)» the adsorption of water vapor 
on montmorillonite is a very complex process and it is veiy 
difficult to properly ascribe the phenomena to one single 
model of adsorption such as the Langmuir model or the multi-
molecular adsorption model for the entire range. It can be 
seen that the repeated cycles do not give a straight line for 
the Langmuir model, Indicating that equation 1 is not obeyed. 
The isotherm was therefore subdivided into a number of 
straight line portions to determine if in the region between 
p/Pq equal to 0.0 to 0.28 any substantial information could 
be obtained concerning unimolecular adsorption. Brunauer (16) 
has pointed out that a similar technique was applied to the 
adsorption of chlorine by silica gel, and attributed straight 
line relationships for the various sections to adsorption on 
fractions of the surface that had roughly the same heat of 
adsorption. • The sample under investigation had a crystalline 
surface, and one should expect several surface types corre­
sponding to the different developed crystal faces. 
The subdivision of straight lines gives rise to a discon­
tinuous distribution of heat of adsorption values. Various 
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experimental straight lines were evaluated considering that 
the X-ray studies indicate one complete expansion in the re­
gion of p/PQ from 0.09 to 0.22. 
Van Olphen (79) conducted water vapor experiments on 
a sodium vexmlcullte to give clues for the Interpretation of 
the Intercrystalllne swelling of montmorillonite. He deter­
mined that the second monomolecular l^er of water entered 
only after the first layer was completed, and his isotherms 
showed a definite stepwise trend. Van Olphen's Langmuir 
plot gave linear relations* and "one layer** and *two layer** 
Langmuir plots were defined from the data. However, plots 
for the present Investigation, Figures 25 and 26, indicate 
that for looming calcium bentonlte, the Langmuir treatment 
does not give reasonable results. 
The BBT multlmolecular adsorption model gives a reason­
ably straight line in the region of p/p from 0.11 to 0.2?. 
The region normally expected for the multlmolecular adsorp­
tion model to be obeyed is between p/p^ = 0.05 to p/p^ = 
0.35* Boderiok (70), studying sodium bentonlte, used the BBT 
function P/Pg to determine the multlmolecular adsorp-
q(l-p/Po) 
tion on external surfaces in the ranges of relative pressures 
noxmally expected. 
Hendricks al. (39) conducted isotherm and X-ray dif­
fraction studies on various treated montmorilloni tes ; their 
BBT parameters are tabulated in Table I3. 
Figure 25. Langmuir plot for the adsorption of water vapor 
on calcium montmorillonite, first cycle 
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Figure 26. Langmuir plot for the adsorption of water vapor 
on calcium montmorillonite, second cycle 
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Table I3. The BET parameters and C calculated from data 
for various montmorillonites reported in litera­
ture®' 
/ - Mineral %m C 
Cesium Mississippi montmorillonite 0.052 19 
Potassium Mississippi montmorillonite 0.059 7 
Sodium Mississippi montmorillonite 0.070 8 
Lithium Mississippi montmorillonite 0.101 26 
%rdrogen Mississippi montmorillonite 0.129 10 
Magnesium Mississippi montmorillonite 0.138 29 
Calcium Mississippi montmorillonite 0.130 23 
Strontium Mississippi montmorillonite 0.133 11 
Barium Mississippi montmorillonite 0.090 22 
Sodium Wyoming montmorillonite 0.023 13 
Calcium Wyoming montmorillonite 0.125 6 
Sodium California montmorillonite 0.091 8 
Calcium California montmorillonite 0.133 15 
^Data obtained from Demirel (26, Figures 23, 24 and 25). 
Demirel (26) has shown that the BEXT method may be utilized 
in the relative pressure range from 0.1 to 0.3 for calcium 
montmorillonite. The values of the parameters he obtained 
were = 0.l3Qf O.OO5 gm and C = 6.68t 0.77« He points out 
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that by using the data obtained by the BET method, the cross 
sectional area for a water molecule adsorbed on the clay min­
eral can vary between 16,3 & and 17«9 These cross section­
al areas were comparable with the geometric arrangement of 
water molecules in an ice-like structure. 
As previously mentioned, the BET plots in Figures 2? and 
28 give reasonably good straight lines within the range of 
applications from 0,11 to 0,27 relative pressures. The para­
meters qjn and C were calculated by a least square treatment 
of all the experimental data for both cycles. In order to 
estimate the accuracy of the values in the equation, the 
method proposed by Topping (76, p, I05) was used. The equa­
tion of the line obtained is: 
y = (6.523i0,0625)x + (1,682+0,0120) 
When the slope of the line and the Intercept are known, equa­
tion 3 enables one to determine q^^ and C, The values of these 
parameters are 0,121? gm and 4,878 respectively. The errors 
in and C were calculated from the principle of superposi­
tion of errors with the relationship (76, p. 20): 
ia X ei~ 
2 
4 ^ X ep J&y  ^
where is the square root of the sum of the squares of the 
greatest errors due to an error in each variable separately, 
and e^ and 63 are the errors in the slope and the intercept 
respectively. The values of q^ and C corrected for the errors 
Figure 27, BET plots for the adsorption of water vapor on 
calcium montmorlllonlte, first cycle 
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Figure 28. BET plots for the adsorption of water vapor on 
calcium montmorillonite, second cycle 
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noted above are 0.1219 t 0.0009 gm and 4.878 i 0.042, respec­
tively. The data show very little error from a straight line 
determined by the least squares method for the BET data; de­
partures from the straight line after p/PQ of 0.27 are proba­
bly somewhat complicated by capillary condensation, although 
of a minimal nature at this low range of p/p^. 
The X-ray data indicate that initial separation of the 
platelets starts almost immediately as the relative pressure 
increases from zero. However, from p/p^ of 0.00 to 0.02 
there is very little increase in spacing, indicating perhaps 
initial adsorption on the external surfaces. After 0.02, 
the spacing starts to Increase rapidly with an increase in 
pressure, indicating that the preponderance of water adsorbed 
is interlayer water. 
Of interest is the comparison of the values of the 
straight lines between 0.00 and 0.08 relative vapor pressure 
given by the slopes plotted according to both the BET and 
Langmuir methods. These are tabulated in Table 14. Both of 
the methods agree reasonably well for adsorption of the first 
monomolecular layer. However, after a p/p^ of 0.08, the val­
ues of the parameters vary considerably, supporting a multi-
molecular adsorption. 
The problem of external area coverage as applied to the 
montmorillonite system might better be termed the areas ac­
cessible to polar and non-polar gases and vapors. As pointed 
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Table 14. The values for calcium montmorillonite, deter­
mined by Langmuir and BET methods 
Langmuir BET 
p/p^ range 1st cycle 2nd cycle 1st cycle 2nd cycle 
0.00 - 0.02 0.0259 0.0281 0.0294 0.0344 
0.02 - 0.08 0.066 0.058 0.0526 0.0629 
0.05 - 0.18* 0.023® 0.027* 
^Roderick (70) for sodium montmorillonite 
out previously, nitrogen is adsorbed only on external surfaces. 
If a single non-swelling platelet is considered, then the area 
available to nitrogen and water vapor would be the same as 
indicated in Figure 29a. On the other hand, if the system is 
constituted of a porous swelling powder, as is the system 
under investigation, then the area available to water might 
be considerably greater than that available to nitrogen, as 
in Figure 29b. The smaller water molecules perhaps can either 
be accomodated in narrower intercrystalline channels or can 
penetrate into tapered channels that are unaccessible to ni­
trogen molecules. By using the Kelvin equation, one can see 
that as the relative pressure increases, the capillary radius 
available to a molecule for capillary condensation increases. 
Therefore, the following situation may occur with respect to 
montmorillonite powders. 
Interlayer water N2 cannot penetrate 
Interlayer 
external 
^ * • L/.j. 
• • • • . yf"' • '-p^ 
m 
r-j—jv y V—/• r 
Water on external 
surfaces 
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small extern 
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Nitrogen oh external 
surfaces 
o\ t-* 
Figure 29a, Idealized diagram of possible 
areas accessible to water 
Figure 29b, Idealized diagram of 
possible areas acces­
sible to nitrogen 
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In Figures 29a and 29b, the pore spaces between the 
platelets act as capillaries and are accessible to water mole­
cules when the diameter of the pore spaces Is such as to allow 
the passage of a water molecule with diameter of 2*76 %, The 
water will penetrate between platelets as well as external 
areas, and the area available to water would be the total ex­
ternal area as well as the Internal area of the agglomerate 
of platelets. In the case of nitrogen adsorption, when the 
pore spaces are too small In diameter to pass the 4.^ & nom­
inal diameter nitrogen molecule, the areas within the plate­
lets agglomerate would not be accessible to the molecule. 
Therefore, the area associated with the nitrogen woiÇLd be the 
external area of the ag^omerate only. Boderlck (70) found 
that the montmorlUonlte area determined by water adsorption 
varied from 83 to 14^ m^/@n to 172 m^/gm. Both the values 
of Boderlck and those in his study are considerably larger 
than those reported by others as determined from nitrogen ad­
sorption, I.e. 41 to 71 mVgm by Emmett (29) 33 m^/gm by 
Mooney et al. (61), and 34.5 m^/gm by Zettlemoyer et g^. (82). 
Heat of adsorption 
Brunauer (16) points out that the criteria of the appli­
cation of the EBT theory was based on the reasonableness of 
the two parameters % end G evaluated from the straight lines. 
The average heat of adsorption less the heat of liqulfication 
Table I5. Average heat of auisorptlon of monomolecular water adsorbed on calcium 
montmorillonite, calculated from BET parameters listed 
Average heat of adsorption 
less heat of liquification 
E^-E_, Kcal/mole 
Mineral BET parameters 
• q C According to Corrected ac-
Brunauer (16) cording to 
Clampitt and 
German (23) 
Hendricks et (33)* 
Mississippi Ca-montmorillonite 0.130 23 1.9 3.6 
California Ca-montmorillonite 0.133 15 1.6 3.3 
Wyoming Ca-montmorillonite 0.125 6 1.1 2.9 
Demirel (26) 
-
%roming Ca-montmorillonite 0.130 6.7 1.1 2.8 
Wyoming Ca-montmorillonite^ 0.1219 4.878 0.94 2.6 
®BET parameters calculated by Demirel (26, Figures 24 and 25). 
Vi 
BET parameters calculated by data in this study. 
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of the first observed monomoleoular layer was calculated by 
using equation 5 to obtain* 
= H T in C = 1.98? z 298.16 x In C cal/mole 
However, as pointed out previously, this value for the heat 
of adsorption required a correction lAien C was rederlved by 
Clampltt and German (23). By using their correction the e-
quatlon for calculation of % becomes * 
s H T In C • 
irtiere (aHQ-EJ^) is equal to 1.7 Kcal/mole. Both corrected and 
uncorrected values are listed in Table 15 for several cal­
cium montmorlllonltes for which water vapor adsorption data 
are available, and show reasonably good uniformity. 
Boderlck (70), studying a Wyoming sodium montmorlllonlte, 
determined values of 1.0 and 2.7 for Ej-Ej^ uncorrected and 
corrected for Clampltt and German, respectively. Taklzawa 
(7%) obtained an uncorrected value for E^-E^ of 0.84 Kcal/ 
mole using Nilgata bentonite tested at 25° C. He further 
showed the effect of temperature by obtaining S^-E^ = I.430 
Kcal/mole at 15° C, and E^-E^ = 0.410 Kcal/mole at 35® C. 
Zettlemoyer et al. (82) used heat of immersion and adsorption 
Isotherm data to determine heats of adsoz^tion or desorption 
^ of water from bentonite at 25® C, and show good agreement 
with the adsorption branch of Taklzawa. This may indicate 
that the adsorption branch Is nearer the true equilibrium 
curve than is the desorption isotherm. 
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Free energy changes 
The values of the function % versus p/p^ used to de-
P/Po ° 
termine the free energy changes are plotted In Figures 30 and 
31 for the first and second adsorption cycles respectively. 
Demlrel (26) and Roderick (70) used similar plots to deter­
mine the free energy of wetting In their studies of montmorll-
lonltes. The data of Demlrel (26) are plotted on Figure 30 
for comparison of shape and values. In general, the shapes 
of the curves are similar and the values of the function vary 
due to the amount of water Vapor adsorbed at similar values 
of relative vapor pressures. The differences most probably 
are due to method of preparation of the sample; Demlrel*s 
sample was a loose powder, while the sample In this Investi­
gation was a compressed powder. 
The second adsorption cycle agrees with the first cycle 
up to approximately p/p^ = 0.3. From p/p^ = 0.3 to 0.9, 
the first cycles points were from 0-12 mg/gm higher than the 
second cycle. Between p/p^ = 0.9 and saturation, the second 
cycle points passed through the curve of the first cycle. 
Slight changes In the pore size and shapes would cause this 
difference. However, since the second adsorption points a-
gree with the first cycle In the low pressure region and very 
nearly agree up to p/p^ = 0.4o, any slight swelling of the 
pores or material after the first cycle would not materially 
change the calculated free energy of wetting because the low 
Figure 30. Plot for graphical integration of equation 12 
for the adsorption of water vapor on calcium 
montmorillonite, first cycle 
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Figure 3I, Plot for the graphical integration of equation 
12 for the adsorption of water vapor on cal­
cium montmorillonite, second cycle 
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pressure data are of the most importance in the energy change 
calculations. (Oie free energy of wetting may be expressed 
by Demirel's equations 
AP rs ('T^sl - Tso) if°<AV 
for the system investigated. Bat as can be seen, there are 
three unknowns (Tsl - Tso), =<, and AV, The values of the 
interstitial area, may be detezmined from the external area 
and total crystallographio area of the mineral and the known 
cross sectional area of the adsorbed molecule. However, 
(T^sl so) and AV can only be determined by* a) solving 
simultaneous equations available from experiments on two sam­
ples having different known values ofb) by determining 
the value of one of the unknowns independently, or c) by de­
termining another independent relationship between C^sl -Tso) 
and AV. Roderick (70) points out that the large error in 
detexmination of the specific surfaces by the BEIT method would 
tend to rule out the solution of the unknowns by simultaneous 
equations, and up to the present time the other alternatives 
have not been possible. 
The free energies of wetting were actually calculated 
by using equation 12 and a graphical integration of the curves 
presented in Figures 30 and 31. The errors in the faction 
were estimated to be *0.013 and I0.015 for the first and 
second adsorption cycles respectively. The numerical values 
for the integral f d were found to be 0.3853 and 
lyi 
0.3844+0.015 gm/gm of calcium montmorillonite respectively 
for the first and second adsorption, cycles, respectively. 
The specific surface ^ , for equation 12 was determined from 
crystallographlc data (77) for calcium montmorillonite by 
the relationship: 
2= ^  (20) 
«ca 
Where Is Avogadro's constant, Is the weight of the 
calcium montmorillonite unit cell, and e ls the area exposed 
by one unit cell layer. Is equal to 732. The value of 
may be determined from the unit cell dimensions a^ = 5«16 & 
and bg = 8.94 &. Substituting these values In the expression 
above,X, the specific area Is found to be; 
6.02 X lo23 X 2 X 5.16 x 8.94 
732 X lolO 
Zss 759 m^/gm 
Using the value of the parameter q^^ obtained In the BET so­
lution, the specific surface was also calculated using equa­
tion 9. Substituting the values of qj^ = 0.1219 and s = I7 .5 
1 /molecule of water vapor In equation 9 the specific surface 
was found to bes 
2.= "A So ° 
M 
% _ 6.02 X lO^S X 0.1219 X 17.5 
- 18.02 X lOlO 
2.s= 714 m^/gm 
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The value obtained by using the BET parameter Is a reasonable 
value and compares very well with the theoretical orystal-
lographlc data. When 2. obtained from equation 20 above Is 
substituted In the equation, the free energy of Immersion In 
saturated vapor or liquid, also referred to as the free ener­
gy of wetting, Is calculated as follows * 
HT 
= -# 0-3858 
= 69.9it2.36 ergs/cm^ 
AP = 0.3844 
= 69.66*2.72 ergs/cm^ 
Demlrel (26) reported a value of 76.6lt4.30 ergs/cm^ for cal­
cium montmorlllonlte. He used a loose powder In his study, 
yet ^ the values obtained In both studies are In .very good a-
greement. Craig et al. (22) found similar results In their 
studies of compressed and uncompressed graphite powders, 
pointing out the Importance of accurate low pressure range 
data. 
Expansion energies 
As pointed out In equation 3, the free energy change of 
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adsorption may te expressed as: 
» -i a(p/Po) 
Pu and Bartell (33)» studying the surface areas of porous ab­
sorbents, evaluated this equation and found that the change 
in free energy could be expressed by the relationship* 
. 6 
2ap = ®<(p/po) 
where ap is the decrease in the free energy per unit area, 
^ and 0 are constants, p/p is the relative vapor pressure, 
o 
and ^  is the area on which the adsorption takes place. They 
point out that this method can be utilized to study the ex­
pansion and deformation of porous materials caused by adsorp­
tion of various vapors (33» 674). Por a given adsorbate-
adsorbent system, and remain constant so long as there is 
no change in the mechanism of adsorption. If changes in the 
mechanism of adsorption, such as capillary condensation or 
swelling occur, values of ^ and ^ change to another set of 
constant values. If only the external surface areas of the 
clay are involved in adsorption of the vapor, the relation­
ship can be made to read: 
(3 
^ext 
The change in slope of the ^ ^P curve, observed by Pu 
and Bartell (33) was attributed to capillary condensation in 
the pores of the adsorbents. The exact point at which capil­
lary condensation takes place can not be determined, but it 
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may be assumed to show Its most pronounced effects at p/p^ 
values greater than 0.9 to saturation. For clay minerals, 
while capillary condensation undoubtedly has some effect, 
swelling (Interlayer expansion) mamlfests itself more pro­
foundly throughout the entire adsorption r^nge. 
The values of the Integral ° d(p/Po) 
M -J" P/Po 
for Increasing values of p/p^ from zero to saturation for 
the second adsorption were plotted on log-log paper wlth^A p 
on the vertical axis and p/p^ on the horizontal axis, Figure 
32. Â close examination of the plot Indicates six straight 
line portions, the breaks occurring at p/p^ = 0.065, p/Pq = 
0.19, p/p^ = 0.85» and p/p^ = O.98. From the X-ray data, the 
Initial adsorption at low relative pressures from zero to 
approximately 0.02 occurs on the external surface areas. 
Therefore, the straight line portion of the log-log plot cor­
responding to a p/PQ range of 0-0.02, Figure 32, was extra­
polated to saturation as Indicated by a dashed line assuming 
that the free energy relationship of Fu and Bartell (33) was 
obeyed. The differences between the extrapolated curve and 
the plot ZApis the free energy change of Internal surfaces 
(expansion energy). This relationship may be expressed as* 
Zlnt AFl = ZAP . AP, 
Where Is the external surface area, Is the Internal 
surface area, 2 is the specific surface area, andAF^ Is the 
expansion energy per cm^ of Internal surface. may be ex-
Figure 32. Log-log plot of the free energy change versus 
relative vapor pressure, first cycle 
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pressed in terms of equation as follows i 
APi = (TSI -"T^So) +AV 
irtiere AV is the free energy change per cm^ of internal sur­
face due to the separation of the particles against the force 
of interaction. 
APj^ can be calculated by the expression t 
APi = 2AF - (21) 
^int 
and may be obtained from Figure 32 as the difference between 
the plot of ZAP and the dashed line extended to saturation, 
indicating the change in free energy due to adsorption on 
external surfaces. 
Figure 33 presents a plot of AP^ versus platelet 
separation h for the second adsorption cycle. It can be seen 
that the changes in slope of the free energy change with in­
creasing relative vapor pressure. Figure 32, correspond in 
general to variations in dgQi spacing at increasing relative 
vapor pressure. Figure I3. Figure 33 can be conveniently di­
vided into four major segments as follows 1 segment I from 
0-2.6 &, segment II from 2.6 % to 5*1 segment III from 
5.1 % to 6.2 %, and segment IV from 6.2 X to 9.1 The free 
energy change in segments I and II is about equal. The free 
energy change for segment III is substantially greater than 
a combination of the three other segments. 
The expansion energy of the first segment is the free 
Figure 33. Plot of free energy change due to adsorption on 
and separation of Internal surfaces versus In-
terlayer separation, second adsorption cycle 
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energy change which includes the disappearance of the solid 
surface forming a solid-adsorbed film Interface, and the 
partial hydration of the adsorbed cation plus the contribu­
tion due to separation against the force of interaction be­
tween platelets. This latter term will decrease the magni­
tude of the free energy change. As the adsorption continues 
(segment II), the second layer of water penetrates between 
the first layer and the surface, and the free energy change 
is due to the extension of the film thickness and Is probably 
less than that for disappearance of the solid surfaces and 
formation of a solid-adsorbed film Interface. However, since 
the distance between the platelets is greater than that cor­
responding to the previous step, the interaction between 
platelets is decreased. In segment III, additional vapor is 
adsorbed in the Interlayer region, further slightly reducing 
the interaction forces. In this segment, the free energy 
change is quite large because of the arrangement of the water 
molecules covering the active sites. No new surfaces appear 
or disappear. The free energy on adsorption for the final 
expansion, segment IV, is due to penetration of additional 
water molecules between the layers. The forces of interac­
tion between the platelets being reduced as the platelets 
are relatively far removed from each other. 
Since the free energy chsuige for segment IV is the small­
est of any of the segments, the energy for penetration of 
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water molecules between the water complexes existing must be 
less than for penetration between the clay surfaces, or due 
to hydration of the cations and arrangement of water mole­
cules in the interlayer regions. 
Swelling pressures 
The change in free energy at constant temperature can 
be expressed as: 
dP = V dp (21) 
where V is the molar volume of the adsorbed water and p is 
the external pressure. However, if we consider that the ex­
pansion is due only to the adsorption of vapor on the inter­
layer surfaces, the expression may be made to read; 
2 l„t dFi = V dp (22) 
Since water is incompressible this equation becomest 
dPi = dp = h^ dp (23) 
where dFj^ is the expansion energy per cm^, V is the total 
volume of the interlayer at saturation per gm of calcium 
montmorillonlte, h^ is the maximum platelet separation, and 
p is the applied pressure. When equation 23 is integrated, 
we obtain the following; 
^ Int^ 1 ~ ^ int^Q ho&P 
P = ^ int^^j^ - "^^8 (24) 
h^ ^  Int 
X 
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where à Pg is the expansion energy Trtien clay is in equili­
brium with saturated vapor, p is the pressure required to 
prevent any platelet separation* and p = 0 is the pressure 
when the msaiimum separation is obtained. Prom Figure 33 
the expression i^t^^i " ^int^^s the expansion energy 
may be obtained for platelet separation h and h^ respective­
ly. The swelling pressure may now be found by dividing the 
expression by the maximum platelet separation and the cal­
culated internal surface area. Table 16 is a computation 
of expansion energies and swelling pressures for the calcium 
montmorillonite under investigation. 
The internal area used in the Table was calculated us­
ing three different values for the cross sectional area of 
adsorbed water molecules and the value of q^^ for the exter­
nal area obtained from the BET equation. Hendricks and Jef­
ferson (38) reported a laminar stacking of interlayer water 
such that the area occupied by a water molecule is 11.5 
The area occupied per molecule of closest packing would be 
10.8 2^. The data in the present study suggests an ice-like 
configuration of water similar to the one proposed by Demirel 
(26) which gave a cross sectional area of 17*5 Use of 
these three values in equation 9 gave the calculated exter­
nal surface areas. Internal areas were determined by sub­
tracting each external area from the total surface of 759 
m /gm obtained from crystallographic data. The values for 
Table 16, Expansion energies and swelling pressures for Indicated separations due 
to adsorption of water vapor on the Interlayer surfaces of calcium mont-
morlllonlte 
Area assigned Internal Expansion Swelling Swelling 
to a water surface, area energy,« pressure, p^ pressure, 
molecule, a m^/gm ergs/cm dynes, i cm^ tons/ft^ 
No Interlayer 
water present 
10.8 
11.5 
17.5 
653 
646 
587 
377 
382 
419 
394 
399 
437 
One molecular layer 
of Interlayer water 
10.8 
11.5 
V 
17.5 
653 
646 
587 
3.1 
3.1 
3.4 
370 
374 
412 
386 
390 
430 
One molecular layer 
of Interlayer water 
plus start of cation 
hydration 
10.8 
11.5 
17.5 
653 
646 
587 
6.9 
7.0 
7.7 
268 
271 
298 
280 
283 
311 
Two molecules of 
Interlayer water 
(laminar stacking) 
10.8 
11.5 
17.5 
653 
646 
587 
14.7 
14.9 
16.4 
176 
180 
198 
184 
188 
210 
Table 16. (Continued) 
Area assigned 
to a water 
molecule, A 
Internal 
surface,.area 
int' 
Expansion 
energy,2 
ergs/cm'^ 
Swelling 
pressure, p, 
dynes, cm^ 
Swelling 
pressure, 
tons/ft^ 
10.8 653 22.2 83 87 
Three molecular layers 
interlayer water 11.5 646 22.4 85 89 
17.5 587 24.7 93 97 
Pour molecular layers 
of waterlayer water 
in tetrahedral co­
ordination (ice-like 
configuration) 
10.8 
11.5 
17.5 
10.8 
653 
646 
587 
653 
30.6 
31.0 
34.1 
31.2 
37 
37 
41 
38 
38 
43 
Five layers of 
Interlayer water 11.5 
17.5 
646 
587 
31.6 
34.7 
»-* 
œ 
w 
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the internal areas werei 653 m^/gm for 10.8 , 646 m^/gm 
for 11.5 and 587 m^/gm for 17.5 
Van Olphen (77) used the desorption data of Mooney et 
al. (60, 61) to estimate the pressure required to remove 
monolayer of water from clay surfaces, by dividing the free 
energy change by the thickness of one monolayer of water. 
He found that the energy required to remove the Interlayer 
water from between clay platelets to be from $0 to 100 ergs/ 
cm^ or 630 to 1,260 tons/ft^. 
Roderick and Demlrel (7I)  used the method outline above 
O 
to obtain swelling pressure values from 52 tons/ft to 339 
tons/ft^. Roderick (70) obtained a total free energy change 
of 40.55 ergs/cm^ using a sodium Wyoming bentonlte. The so­
dium montmorlllonlte did not swell Initially and he was able 
to accurately determine an external area. Determining the 
external area In this study was more difficult since only a 
very short range of relative pressure was observed where the 
adsorption was chiefly on the external surfaces. The data 
at relative vapor pressures between zero and p/p^ = 0.015 Is 
limited and the extrapolation of the straight line Indicating 
the free energy change due to adsorption on external surfaces 
In Figure 33 may not be as accurate as those determined by 
Roderick, 
By using the procedures outline above, the uplift pres­
sures for calcium montmorlllonlte were found to vary 38 tons/ 
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P p 
ft to 439 tons/ft , higher at lower relative pressures. 
Engineering relevance of this will be discussed in the fol­
lowing section. 
Practical applications in engineering 
The hysteresis loops observed in this study and the cal­
culated uplift pressures are of major importance in highway 
or foundation design or construction. In the United States, 
for example, many or most central state and western soils 
contain calcium montmorlllonite as their dominant clay min­
eral; if the natural soil moisture and climatic conditions 
are known, it should be possible to predict the soil consoli­
dation or swelling behavior. 
On the very extensive alluvial calcium montmorillonltic 
clays of the Mississippi delta and Gulf Coastal Plain, the 
first requirement for minimum depth of a building foundation 
is that it be located below the depth of seasonal volume 
changes caused by alternate wetting and drying. By keeping 
the moisture constant, there is little chance of the build­
ing failing by differential settlement. However, if the 
climatic conditions ever are such that the moisture is de-
pletjsd (desiccation) below the foundation, structures will 
settle, and the swelling pressures should be sufficient to 
raise them back up upon rehydration, since the maximiim founda­
tion on clay is ordinarily limited to 2-4 tons/ft^-to avoid 
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shear failure. The engineer must insure that the clay will 
remain in the region of saturation if the construction is 
carried out at high moisture contents. On the other hand, 
as seen in Figure 12, if the construction is carried out \ùien 
the soil has not reached saturation, he must provide a sys­
tem whereby any excessive moisture will be diverted away 
from the structure and the soil cannot reach final hydration. 
In most cases only the higher relative vapor pressure 
region will be important, since relative humidities in nat­
urel. soils seldom reach below 60%, The fiëld condition d^g^ 
spacings are therefore probably in the 15.1 to 19,2 â range. 
The observed hysteresis loop will be extremely beneficial for 
reducing volume change problems, since a relatively large 
reduction from saturation p/p^ will be required before there 
is significant volume change. Conversely, if the clay is 
naturally in the 15.1 to 15.6 % state, free water is required 
to cause it to expand. Since the former condition is more 
common than the latter, we may anticipate that most natural 
calcium montmorillonites are probably at the 19.6 & spacing, 
and remain on the desprption branch of the hysteresis loop 
in the p/p^ region of 0.65 to 1.0, The occasional drying be­
low this p/PQ is probably the source of most problems. 
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CONCLUSIONS 
1. Upon adsorption or desorption of water, the first 
order basal spacing of calcium montmorillonite varies in a 
continuous but non-uniform manner. 
2. X-ray diffraction line breadths are a minimum for 
basal spacings of 16.5 and 19.2 X, suggesting uniform layer 
separations at these spacings. Simultaneously the diffrac­
tion intensity decreases, indicating that the interlayer 
water has structure. Combining X-ray with adsorption data 
o 
indicates that at 16.5 A the water has an ice-like configura­
tion; the 19.2 2 spacing and sorption data may be explained 
by intrusion of one additional layer of water. 
3.  At vapor pressures which give basal spacings less 
than 16.5 line breadth and intensity data suggest simul­
taneous existence of varying numbers of water layers between 
the platelets, and steps in the basal spacings appear to be 
directly influenced by the interlayer cations. 
4. At certain vapor pressures and dggi spacings, strong 
secondary basal reflections appeared in the neighborhood of 
00 
3 A and 5 A, and may be explained by use of an electron den­
sity curve inferred from the mica-like structure of the clay 
layers. 
5.  Interlayer swelling and shrinkage of calcium mont­
morillonite due to adso3T)tion of water exhibit a hysteresis 
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forming two loops; one from relative vapor pressure of zero 
to about 0.40 and the other from about 0.55 to saturation. 
X-ray diffraction line breadths during desorption suggest 
that at low pressures the water is very strongly attracted 
to the surfaces or around cation positions forming islands 
of water within the interlayer regions. As the sheets be­
come undulated, the water may be trapped and the escape of 
water to the vapor environment is inhibited. The hysteresis 
in the higher relative vapor pressure region is accompanied 
by an increase and then decrease of line breadth as the 
fourth and fifth layers of water are withdrawn. This water 
escapes quite easily indicating that is not as strongly ori­
ented as the water near the surface of the platelets, 
6. Calcium montmorillonite shows coloration after X-
radiation. This was attributed to prolonged X-radiation in­
duced color centers. 
7. The sorption isotherms are completely reversible 
at a relative vapor pressures between zero and 0.20. The 
adsorption isotherms are more closely reproducible on suc­
cessive cycles and the rate of adsorption is greater than 
desorption as observed from the automatic recording device 
and X-ray diffraction pattern, suggesting that the adsorption 
branch is the equilibrium branch. 
8. The BET multimolecular adsorption model more closely 
fits the experimental data than does the Lângmuir monomole-
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cular adsorption model. 
9. The experimentally determined total surface area 
calculated from the BET parameter is equal to 714 m^/gm, 
which is in good agreement with 759 m /gm calculated from 
crystallographic data. 
10. The BET parameter C was used to determine the heat 
of adsorption of the first molecular layer of water on cal­
cium montmorillonlte less the heat of condensation of water 
(E^ - Ej^). The calculated value of (E^ - E^) was found to 
be 2,6 Kcal/mole, which agrees favorably with previously 
published data. 
11. The free energy of wetting, defined as the free 
energy of immersion less the free energy change due to par­
ticle interaction was found on a compressed calcium mont­
morillonlte powder to be 69.9lt2,30 ergs/cm^ and 69.61*2.72 
ergs/cm^ for the first and second adsorption cycles, respec­
tively. This is in good agreement with data of Demirel (26) 
who obtained 76.61+4.20 ergs/cm^ using a loose powder. The 
magnitude of the free energy change is not affected by the 
degree of compression of the powder. The low pressure region 
data are most important for determining free energy changes. 
12. The X-ray diffraction data and adsorption isotherm 
data were used to estimate the external surface area at low 
relative vapor pressure regions. The free energy was di­
vided into two components* one due to adsorption on inter-
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layer surfaces and particle interaction and the second for 
adsorption on external surfaces. These data enable one to 
estimate the expansion energies and uplift pressures. The 
swelling pressures exerted with the platelet separation cor­
responding to zero to four layers of water are 440 tons/ft^ 
to 40 tons/ft^, respectively. 
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